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ABSTRACT 
The objective of this research is to develop conductive plastics for the 
shielding of electromagnetic interference (EMI). In conducting polymer 
composite materials, conducting particles are incorporated in an insulating 
matrix. A well characterised grade of mica was used to prepare nickel-coated 
mica fillers. Work involved optimisation of different factors including the effects 
of agitation, temperature, pH, catalyst concentration and concentration of 
nickel solution. Systems with separate activator and sensitiser, and also with a 
single solution containing both activator and sensitiser were examined. A pH 
of 5 and reaction temperature of 88-90°C were found to be very effective for 
electroless nickel coating. After optimising the coating technique, the process 
was scaled up so that filler/polymer composites could be produced. To 
optimise the conductivity of filler the nickel coating needed to exceed a certain 
weight percentage, depending on the particle size of the mica. Pre-treated 
mica surfaces were analysed by laser induced mass analysis (LIMA). Coated 
samples were analysed using an Atomscan spectrometer with an inductively 
coupled plasma emission source for accurate determination of phosphorous 
content. XRD was used to elucidate the structure of nickel coating on mica. 
The effect of phosphorous content on conductivity was investigated. Heat 
treatment of nickel coated mica was investigated to find whether or not 
structural transformation affected the conductivity. After scaling up the 
optimised electroless coating 'process, conducting composites were 
"·. ,. :. .. ·-··. 
developed by loading electroless nfckef~·~oated mica in two different polymer 
systems (polypropylene and acrylo11itrile-butadiene-styrene copolymer), using .·-· 
-- ----- -- ---- .... -- .. --. . JO-
a twin-screw batch mixer and a two-roll mill. Compounded polymers were 
fabricated into sheets of differennliicl<ness by compression moulding. The 
dependence of conductivity qru::ompres.sion pressure was studied and 
samples were tested for electrical resistivity, shielding efficiency, thermal and 
' . 
mechanical properties. Reduced sample thickness and increase in pressure 
during compression moulding decreased the electrical resistance of the 
polymer composites due to orientation and the formation of a good conducting 
network. At 50wt % of nickel coated on mica particles, volume resistivity of the 
PP composite was 41 ohm-cm and of ABS composite 920 ohm-cm which 
clearly implies that better conductivity can be achieved in a semi crystalline 
polymer than in an amorphous polymer. 0.6 weight fraction of 50 wt.% nickel-
coated mica with ABS showed a shielding efficiency of 16dB when compared 
to 27.8dB with PP. This could be because PP is a semicrystalline two-phase 
polymer which might disperse flakes into amorphous regions to form a better 
network than in a purely amorphous polymer like ABS. 
Keywords: Mica, electroless nickel coating, polypropylene, acrylonitrile-
butadiene-styrene copolymer, SEM, X-ray diffraction, inductively coupled 
plasma analysis, laser induced mass analysis, volume resistivity, 
elecromagnetic shielding, DSC, hot-stage microscopy, mechanical properties. 
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Chapter1 Introduction 
CHAPTER 1 
INTRODUCTION 
1.1. GENERAL CONSIDERATION 
We live in the electronic age: almost every sphere of human activity now has 
some form of electronic control or monitoring system, and the continued 
growth in new applications has created the potential for a type of pollution 
overload. This is not a visible form of pollution, nor is it necessarily harmful to 
humans: pollution takes the form of stray electromagnetic fields generated by 
electrical and electronic devices which cause interference with the proper 
functioning of other electrical or electronic systems. Interference is a familiar 
experience in common systems such as car radios, televisions, mobile 
phones, but it is in fact a universal problem, therefore with the rapid 
development of the electronic industry, especially personal computers and 
mobile phones, electromagnetic interference is becoming an increasing 
problem. The need for EMI shielding has been recognised by statutory bodies. 
From January 1996 new regulations became effective in the European Union 
regarding the immunity and susceptibility of electrical and electronic systems 
to EMI [1]. (The EC Directive follows a similar form to the earlier Federal 
Communication Commission regulations of 1983 which is applied in the USA 
[2]). 
Plastics are widely used to make shells for electronic equipment. However, 
their volume resitivities are approximately 1013-1017 ohm-cm and so they are 
transparent to electromagnetic waves. Therefore, making plastics conductive 
can help to avoid elecromagnetic interference. 
Existing shielding methods include coating/painting of components, the use of 
conductive polymers, and conductive polymer composites. Coating methods 
are the predominant choice for EMI shielding operations, accounting for 98% 
of the market when a review was carried out in 1995 [3]. However, they have 
a number of drawbacks as they involve an extra production process, they can 
'EM/ properties of electro/ess nickel coated mica in different polymer matrices' 1 
Chapter 1 Introduction 
be subject to delamination, and are difficult to recycle. In recent years, 
considerable research effort has focused on the development of conductive 
polymers. However, their cost is much higher than commodity polymers, so in 
the immediate future, these materials are therefore likely to be used in more 
specialist applications, or as blends with less expensive polymers. 
In conductive polymer composite materials, a conductive filler is incorporated 
into a polymer matrix. These materials are relatively cheap and have good 
processibility. Also, the condutivity of a composite can be adjusted relatively 
easily to meet product requirements and unlike coating a composite requires 
no treatment after production. The most common conductive fillers are carbon 
black, carbon fibres, metallic powders, flakes or powders, and fibres coated 
with metals [2]. Carbon fillers have limited applications in conductive 
composites because they are relatively poor conductors. Metal powders have 
high densities, and weight fractions of 60% are often needed to achieve 
shielding effectiveness. This negates the low-weight advantage normally 
associated with polymer composites. Oxidation of the metal surface can also 
reduce the effective conductivity of the composite[4]. Other effective 
conductive fillers such as nickel-coated carbon fibres are limited to specialist 
applications due to cost. 
The electrical resistivity of metal filled composites depends critically on the 
volume fraction of the conducting filler particle, and is well explained by 
percolation theory. The amount of electrically conductive filler required to 
impart conductivity to an insulating polymer can be dramatically decreased by 
selective localisation of the filler in one phase, or better at the interface of a 
eo-continuous two-phase polymer blend. The critical amount of filler 
necessary to build up a continuous conductive network and accordingly to 
make the material conductive is referred to as the percolation threshold. 
These electrical properties depend upon factors such as filler content, aspect 
ratio, conductivity of filler and the processing conditions, so incorporation of 
such conducting filler in the polymer develops a conductive particle network in 
the system. When electromagnetic waves are transported to a conductive 
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shielding, their intensity is decreased because of the reflection and absorption 
of the waves by the conductors. 
Mica shows various advantages when used as a filler for composites due to 
its high modulus and flaky shape. Mica mineral, like talc, is a sheet silicate 
and has an excellent platelet structure. The most important class of this 
silicate group in terms of use as fillers are muscovite and phlogophite. Both 
types have aspect ratios of 20 to 40 and are used in plastics to improve 
rigidity and dimensional stability. 
If coated with metal, mica has the potential to retain dimensional stability and 
improved rigidity is an advantage and at the same time become a conductive 
filler. Properties of composites containing such a filler have been reported in 
detail. Kortschot and Woodhams [5] emphasised the importance of aspect 
ratio, and suggested that one way of achieving this was to use a thin metal 
coating on a substrate such as mica. lt was suggested that the lower nickel 
concentrations could be used if thinner and more uniform coatings could be 
achieved. 
While many researchers have been concerned with the study of polymer 
composites for electromagnetic shielding applications, little have been 
reported concerning the electroless nickel-coated mica used as a filler for 
developing conducting polymer composites. The thesis describes two 
separate studies. 
First, optimisation of electroless nickel coating on mica particles (chapters 3 
and 4). The second study concerns the optimisation of compounding and 
processing conditions of mica in polymers and the development of conducting 
polymer composites (chapters 5 and 6). 
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1.2. AIMS OF THE INVESTIGATION 
Electroless nickel is used to coat components made of steel, aluminium, 
copper, brass, magnesium etc. These coatings are used for a variety of 
applications including electrical connectors, microwave housings, valves and 
pump bodies, printer shafts, hard drive computer components and more. Such 
a coating technique which involves different pre-treatment operations is not 
completely reported with non-conductors like glass, wood, ceramics and 
fillers. The major advantage of such coating technique is uniform-thin deposit, 
even into deep recesses. 
Although modest improvement in electrical conductivity and electromagnetic 
shielding efficiency has previously been observed with metal filled polymers, 
research on electroless nickel-coated mica loaded polymers has not been 
explored completely and little has been reported concerning this technique. 
Previous works include the use of silver coated glass-beads in different 
polymer matrices like ABS and PC. But these composites were found to be 
partially transparent to the electromagnetic waves resulting in poor shielding 
efficiency. Metal powders have high densities, and weight fractions of 60% are 
often needed to achieve shielding effectiveness. This negates the low-weight 
advantage normally associated with polymer composites. Oxidation of the 
metal surface can also reduce the effective conductivity of the composite. 
Other effective conductive fillers such as nickel-coated carbon fibres are 
limited to specialist applications due to cost. 
This project forms an extensive research programme in development of 
conducting fillers by an electroless nickel coating technique and fabrication of 
conducting polymer composites using these conducting fillers for 
electromagnetic shielding applications. 
Thorough investigation and characterisation of the electroless nickel-coated 
mica by LIMA, ICP, XRD, FEGSEM will be performed as a part of the 
optimisation process since no previous results were cited. 
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1. The aim of the first part of the project is the optimisation of the factors 
controlling the electroless nickel-coating of mica by considering the following 
parameters, as specific research objectives : 
a) The effect of agitation on electroless coating of mica using magnetic 
stirrer. 
b) The effect of temperature and pH on the deposition rate of nickel and 
phosphorous, as a part of the electroless coating process. 
c) The effect of pH of the operating solution on volume resistivity of nickel-
coated mica. 
d) The effect of different pre-treatment solutions like Niklad (two-pack 
catalyst system) and Macuplex (one-pack catalyst system), for 
reducing the threshold percolation. 
e) The effect of different concentrations of nickel sulphate solution on 
electroless coating of mica with different coating solutions (Niklad and 
ELNIC) to produce a conductive network at a low concentration of 
nickel sulphate solution. 
f) The effect of reducing agents with different hypophosphite 
concentrations on conductivity of the nickel-coated mica. 
g) Effect of heat-treatment on conductivity of electroless nickel-coated 
mica. 
2. The aim of the second part involves development of conducting polymer 
composites by incorporating nickel-coated mica in two different base polymers 
(ABS and PP). Studies were made on each of the following factors, as 
research objectives: 
a) Effect of crystallinity of polymers on conductivity of composites. 
b) Effect of mixing process conditions (rotor speed, compounding 
temperature and mixing time) on electrical conductivity of composites. 
c) Effect of different compounding techniques (Haake twin-screw and two-
roll mill) on conductivity. 
d) Effect of different processing parameters (pressure, thickness and 
temperature) during compression moulding on conductivity of the 
composites. 
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2.1. EMI SHIELDING 
2.1.1. OVERVIEW OF EM/ 
Literature review 
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EMI (Electro-magnetic interference) is electromagnetic radiation, both 
natural and man-made, that is emitted and/or received by an electronic device 
and adversely affects the performance of that device or other devices. 
The RF (Radio frequency) range is a specific band of the electromagnetic 
spectrum (1 kHz to 10 GHz). The majority of EMI related problems occur 
within this range. This is referred to as RFI (Radio Frequency Interference). 
Circuits in computers, telecommunication equipment, radios, televisions, 
medical devices, and numerous other electronic devices both emit RFI and 
are susceptible to RFI. 
ESD (Electrostatic discharge) occurs when there is an imbalance of 
electrons when friction is generated between materials. This is also called a 
triboelectric event. Familiar examples of electrostatic discharge occur when 
grasping a metal doorknob, brushing your hair, walking on a carpet, or the 
"static cling" of synthetic clothing. Walking across a floor can generate 
electrostatic charges of up to 30,000 volts; however, much lower and 
undetectable levels can play havoc with electronic devices and 
semiconductors [8]. 
2.1.2. EFFECTS OF ELECTROMAGNETIC INTERFERENCE 
The effects of EMI are extremely variable in character and magnitude, ranging 
from simple annoyance to catastrophe. Some examples of the potential 
effects of EMI are 
1. Interference to television and radio reception. 
2. Malfunction of medical electronic equipment (e.g., heart pacemaker). 
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3. Malfunction of automotive microprocessor control systems (e.g., braking 
systems). 
4. Malfunction of navigation equipment [1]. 
2.1.3. SUMMARY OF STATUTORY REQUIREMENTS 
In January 1996 new regulations (European Directive No: 89/336/EEC), which 
concern the immunity and susceptibility of electrical and electronic systems 
and equipment to electromagnetic interference, became effective. The 
regulations recognise the need to: 
1. Limit the levels of electromagnetic emissions emanating from equipment 
and systems and 
2. Ensure that equipment performs its intended function in the prevailing 
noisy environment. 
The European regulations apply throughout the member states of the 
European Union. The European Commission directive and Federal 
Communications Commission (FCC) regulations distinguish between 
commercial and industrial equipment (class A) and consumer equipment 
(class B). Examples of class A and class B equipment are shown in table 2.1. 
Sensitive components or systems can be shielded from radiated interference 
by enclosure in a metal box. In principle this provides a very simple solution to 
the problem and isolates the component or system: in practice, the continuity 
of the enclosure or housing will be interrupted by points of entry for wires and 
cables, ventilation holes, access points and screens. Apart from the 
consideration of leakage through such openings, there is also the question of 
Table 2.1 Examples of industrial and consumer equipments [9,10] 
Class A Class B 
Industrial computers Appliances 
Word processors Pocket calculators 
Telephones Cardiac pacemakers 
Digital scales Video equipments 
Navigation equipments Electronic games 
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if a metal box is the most suitable or cost effective option. Metal enclosures 
and housings have certain disadvantages. Because of these limitations 
attention has been drawn to the potential benefits of plastic mouldings, some 
of which are summarised below [9, 1 0]. The advantages and disadvantages of 
thermoplastics for electronic housing and enclosures are: 
Advantages 
1. Significant weight reduction. 
2. Design flexibility. 
3. Ease of processing and forming. 
4. Aesthetic appeal. 
Disadvantages 
1. No intrinsic electrical conductivity. 
2. Requires high volume production to be cost effective. 
But, there is however one major drawback to the use of plastics in shielding 
applications, they are transparent to electromagnetic radiation. Plastics 
require some form of treatment or modification if they are to act as 
electromagnetic shields. Shielding materials must be conductors of electricity, 
plastics are inherently insulative as shown in figure 2.1 [11, 12]. 
10 .. 10' 
metallic 
conductor· 
Figure 2.1 Classification of components by electrical resistivities (ohm-cm) [13] 
2.1.4. THEORY OF SHIELDING 
When an EMI shield is placed between a source and a receiver the field 
strength or signal power is reduced or attenuated. The level of attenuation 
achieved, referred to as shielding effectiveness (SE), expressed in decibels 
(dB) is calculated according to the following equations: 
SE= 10 log (P; I Pt) --+-~ (2.1) 
SE = 20 log (E; I Et) -·~'(2.2) 
SE= 20 log (H;I H1) --~~(2.3) 
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where P, E, and H are the power, electric field strength and the magnetic field 
strength respectively, and the subscripts i and t refer to the incident and 
transmitted wave. The factor 20 in the equations 2.2 & 2.3 relating to the E-
field and H-field is necessary because the power is proportional to the square 
of the field strength. lt is clear from these equations that for each decade 
increase in shielding effectiveness the power of the signal is reduced by one 
order of magnitude: thus, by simple substitution of appropriate attenuation. As 
a general rule, a minimum shielding effectiveness of 30d8 is usually required, 
but much higher levels of attenuation may be specified. 
Attenuation of an electromagnetic wave by homogeneous metal shield occurs 
by three mechanisms, the contributions of which are additive. The shielding 
effectiveness can be expressed as in equation 2.4: 
SE= A+ R + 8 ___. (2.4) 
Where A, R and 8 represent the contributions ans1ng from absorption, 
reflection and multiple internal reflection losses. The concept is illustrated in 
figure 2.2. Multiple internal reflections are significant only for thin shields and 
for magnetic fields: for plane waves and electric fields, or shields with the A 
tenm contribution greater than 10%, the 8 term can be ignored [14]. 
Absorption losses arise as a result of induced ohmic currents in the shields 
and the associated heat dissipation. The energy absorbed by the shield in 
both near and far fields is a function of the thickness of the shield, t, the 
conductivity relative to copper,cr, the magnetic penmeability relative to copper 
fl, and the frequency f, C is the induced ohmic current and is given by the 
equation: 
A = C t( f cr fl ) 112 _ __.. (2.5) 
Reflection losses depend on the type of the electromagnetic field and it is 
necessary to distinguish between near and far field conditions. Reflection 
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losses occur as a consequence of the impedance difference at the interface 
between the different media through which the wave passes. 
Incident Wave 
Reflected Wave 
Shield 
Adsorption and Multiple 
Reflection 
Figure 2.2 Schematic of shielding [1] 
Transmitted 
Wave 
The reflection loss for high impedance E- field is given by the equation: 
__ .... (2.6) 
where d is the distance from the source. 
In contrast to absorption, the reflection loss term becomes small at high 
frequency, but the dependency on frequency is a logarithmic function. 
Therefore, the combined effect gives an improved shielding effectiveness as 
the frequency increases. All the above equations are derived for 
homogeneous metallic barriers. When housings of electronic devices are 
designed leakage loss always occur due to some design factors such as wire 
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holes or ventilation holes. In addition, leakage can occur when fibre-filled 
plastics are used because the leakage goes through the plastic matrix. This is 
because fibres only provide a continuous network form of conductivity. 
Electromagnetic waves can pass through space between fibres by scattering. 
The distribution of fibres is random and cannot be modelled easily, but for 
geometry of a square screen the leakage can be calculated theoretically. The 
overall shielding effectiveness for a plane wave passing through a square 
screen has the following form: 
I SE= 104-20 log (d x f) --•• (2.7) I 
in which d is the distance between parallel wires. According to this equation 
the shielding effectiveness decreases when frequency increases, which is a 
general feature for leakage in fibre-filled systems. Because of leakage the 
actual dependence of shielding effectiveness with respect to frequency of 
filled plastics is uncertain [15, 16]. 
2.2. EMI SHIELDING WITH PLASTIC ENCLOSURES 
2.2.1. GENERAL CONSIDERATIONS 
The fundamental problem with regard to plastics is that they are transparent to 
radio frequency electromagnetic radiation. But there are some potential 
advantages, which can be obtained with plastics provided means can be 
found to introduce electrical conductivity. But it is also worthwhile commenting 
briefly regarding the replacement of metals by plastics. 
In order to make a fair comparison between plastic and metal, it is necessary 
to take intrinsic strength and density difference into account. When this is · 
done, a comparison might be made between materials having the same 
flexural strength but differing in thickness and weight. In terms of raw material, 
the plastic part would be more expensive, but such a comparison would not 
take into account the ease of moulding plastics into complex shapes and the 
ease of assembly, or the aesthetic appeal. There are wide ranges of 
processes suited to the production of plastic components and these 
processes vary considerably in their degree of sophistication, precision, 
consistency and economic batch size. The choice of manufacturing method is 
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an important consideration: production volume is often the overriding factor in 
this choice. 
A range of options is available for introducing conductivity to plastic housings 
and enclosures: these options broadly fall into two categories, surface 
treatment (a post moulding operation) and plastic composites containing 
conductive fillers [1]. The shielding performance of coatings depends on 
variables such as the metal type, film thickness and the film density. Potential 
problem areas include adhesion of the coatings to the substrate, thermal 
expansion mismatch and susceptibility to damage. In filled composites, 
consideration needs to be given to the effect of processing on fibre aspect 
ratio, orientation and dispersion and skin effects. 
The objective of the following sections is to provide an overview of the major 
options available for the provision of electrical conductivity sufficient for EMI 
shielding and to assess their benefits and disadvantages [17]. Plastic 
materials are inherently electrical insulators. This is a valid assumption in 
relation to the whole range of the commercially available commodity and 
engineering thermoplastic and thermoset resin, but recent advances in 
polymer chemistry have demonstrated that intrinsically conductive polymers 
can be produced. In the language of the chemist, electrical conductivity in the 
organic solid state requires the delocalisation of electrons in a conjugated 
chain. Polymers such as polyacetylene, polyaniline, polythiophene and 
polypyrrole, all possess conjugated chains [18]. 
2.2.2. MET ALL/SA TION PROCEDURES AND TECHNIQUES 
Although conductive fillers and compounds have been the major focus of 
development over the last decade, conductive coatings, applied as a 
secondary process to plastic mouldings, have provided the most widely used 
techniques to endow EMI shielding. 
The coating or metallisation techniques are classified as: 
• Metal foil and laminates. 
• Vacuum deposition. 
• Flame and arc spraying. 
• Sputter coating. 
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• Conductive paints and lacquers 
• Electroless plating. 
Metal foils and laminates are available from a number of suppliers and can be 
used effectively to shield individual pieces of equipment or components [19]. 
Pressure sensitive aluminium and copper foil is supplied in a variety of forms 
such as tapes, rolls, mesh and tubing, or in sheet form with pre-cut holes and 
perforations to customer specifications, and is laminated with a range of 
substrates such as Kraft paper, Mylar polyester, polycarbonate, polyvinyl 
chloride and aramid. The insulating plastic film can be supplied on one or both 
sides of metal foil. Typically, the foil thickness is in the range of 50 to 100 
microns [20]. 
Vacuum metallisation involves the deposition of a metal film on a substrata 
under high vacuum conditions. Housings or enclosures are mounted on a 
rotating frame and an evaporant source is located at the centre of the 
chamber. The mountings also rotate during the process to provide 
comprehensive exposure of the part and to ensure that a uniform coating 
thickness is achieved [21]. As will be appreciated, this is a line of sight 
deposition process and therefore requires careful consideration to be given to 
component design. Any structures that create shadow areas, such as deep 
grooves and undercuts are to be avoided. Coating thickness of 2.5 Jlm to 5 
Jlm are typically applied for EMI shielding. Because of the high capital 
equipment costs and long batch operation times, batch size determines the 
economic viability of this procedure. Large size vacuum chambers, up to 2m 
in diameter, allow large components to be coated [22,23]. 
Zinc arc spraying and zinc flame spraying as in figure 2.3 are two well-
established techniques for applying a metal coating to plastics. While both 
techniques involve feeding zinc wire to a gun the atomisation processes are 
quite different. In the arc spray gun two electrically isolated zinc wires come 
into contact and a direct current arc causes the metal to melt. A jet of 
compressed air atomises the molten zinc and projects a spray onto the plastic 
substrata surface [24]. By contrast, in the flame spray gun a single wire is 
melted in an oxy-fuel gas flame atomised by compressed air and projected 
onto the substrata. Both procedures are typically used to deposit coatings of 
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zinc, but other metals such as aluminium and copper can also be used. Arc 
spraying is much more energy efficient than flame spraying. 
Sp ray 
dir ecting 
air jet 
\ 
I 
Spray 
str eam 
.AJr 
Figure 2.3 Flame and arc spraying technique {25] 
The excess heat created by flame spraying is carried to the substrate and 
may therefore cause distortion and warpage. At the substrate surface the hot 
atomised metal splats and cools to form localised metal particles, which 
overlap and fuse as they solidify to form a dense metal film. Because of the 
severe mismatch in the thermal expansion coefficients of the metal and plastic 
there is a risk of adhesive failure of the film during thermal cycling [26]. 
Cathode sputtering involves the bombardment of a metal target by positively 
charged argon ions. A gas plasma discharge's established between the target 
cathode and a cooled anode. Electrons emitted from the cathode ionise the 
argon atoms and the ions produced are accelerated towards the cathode by 
electrostatic attraction [27] as shown in figure 2.4. On impingement with the 
cathode hot metal atoms are ejected from the surface and these subsequently 
condense on the surface of the plastic to form a uniform film. lt is claimed that 
adhesion to the substrate is vastly improved compared with films deposited by 
vacuum metallisation and this is attributed to the higher energy of the hot metal 
atoms in the gas plasma. Of course more energy is transferred to the plastic 
substrate and this can cause distortion. For this reason sputter coating is limited 
to the coating of the higher heat resistant plastics, such as thermoplastic foam 
materials [28]. 
The use of conductive paints and lacquers is the most common method of 
applying a conductive surface coating to plastics. Such coatings typically 
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comprise fine particles of silver, copper, nickel , aluminium or graphite 
dispersed in an acrylic, vinyl or urethane binder. By selection of appropriate 
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Figure 2.4 Sputter coating technique [28] 
conductive element the resistivity of the coating can be varied in the range of 
0.01 to 100 ohm-cm, with shielding effectiveness in the range 20 to 75 dB 
[29]. The highest resistivity is achieved with silver particles and the lowest with 
graphite, the latter generally being the most suited for ESD applications or 
when low shielding performance is acceptable. Nicolas [30] developed 
flexible, adherent varnish that could be applied over plastics, rubbers and 
papers with intermediate electrical conductivity. Warron et al. [31) worked on 
binders for conductive metallic films. Yoshihisa et al. [32] imparted electrical 
conductivity to non-conducting materials such as glass with aluminium. 
Nishida et al. [33] coated steel pipes with electromagnetic wave absorbing 
paint containing ferrites and rubber, paraffins, asphalts, epoxy resin. 
Silver, the most electrically conductive pigment, is limited to use in critical 
applications, such as military electronic equipment, computers and mobile 
phones, where high shielding performance is essential and cost is not a 
predominant consideration in the material selection [34). When cost is a 
critical factor, but high shielding effectiveness is required, paint formulators 
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have resorted to the use of silver-coated copper and silver coated nickel 
pigments [35]. 
For general EMI shielding applications nickel based paints have been 
preferred to copper based pigments because of their perceived superior long 
term performance, copper being susceptible to oxidation which causes a 
reduction in the conductivity of the coating. The conductivity of paint coatings 
can be varied not only by the choice of the conductive pigment but also by 
altering the aspect ratio of the pigment and adjusting the particle size 
distribution [36]. Solvent based systems have been the most commonly used 
paints for EMI shielding because of their fast drying times; but health and 
safety concerns relating to volatile organic compounds in the work place and 
the economic necessity of installing solvent recovery systems has drawn 
attention to water based paints as attractive alternatives. A water borne copper 
containing paint is easily removed with an alkaline cleaner in order to facilitate 
recycling of coated plastic parts [37]. 
Electroless plating provides one of the most cost-effective methods of creating 
an electrically conductive surface film on plastics to satisfy the requirement for 
EMI shielding. Campbell [38] produced a conducting polymer profile by mixing 
a solution of synthetic hydrophobic copolymer of acrylonitrile, methyl acrylate 
and sodium styrene sulphonate with anhydrous ferric chloride. Polyethylene, 
poly (vinyl chloride), polystyrene, poly (methyl methacrylate) sheets were 
immersed in molten phosphorus and 10 percent solution of copper sulphate or 
ammonia! silver nitrate to produce an effective conducting coating [39-41]. 
Donald et al. [42] pre-treated phenol formaldehyde by chromic acid and 
sensitised the etched surface with stannous chloride and activated the surface 
by palladium chloride in order to develop conductive substrates. 
Generally this technique involves a multi-stage treatment process typically 
comprising the following cycle: cleaning, etching, neutralisation, catalyser 
impregnation, acceleration, electroless copper or nickel plating, and finally 
painting [43]. Initially electroless plating was developed for the decoration of 
acrylonitrile butadiene styrene, but now, with special modifications the process 
can be used with a range of thermoplastics, including polyamide. Typical 
coating thickness are 1-2 flm copper and 0.25-1.0 11m nickel [44-46]. Plastic 
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films of polyamides have been coated with alternate layers of copper and 
nickel-iron alloy in a laminar configuration that combines the better magnetic 
and conductive properties of each metal [47]. 
2.2.3. CONDUCTIVE POLYMERS 
Polymers containing conjugated double bonds such as poly (p-phenylene), 
poly (p-phenylene vinylene), polypyrrole are very attractive since the materials 
show the characteristics of a semiconductor and become electrically 
conductive on doping. The discovery of electrically conductive polymers 
generated excitement because of the great potential in applications [48]. 
Polypyrrole is successfully used as a key material in electrolytic capacitors. 
Polyaniline has been tried as an electrode in a polymer battery and as an 
electromagnetic interference shielding material in polyvinyl chloride. Despite 
many attractive properties, electrically conductive polymers have 
shortcomings in processability since the materials are insoluble and infusible 
[49]. Solubility of conducting polymers is a very highly desirable quality. One 
method that has been widely used to enhance the solubility is the 
incorporation of ring substituents on the polymer backbone. Steric constraints 
imposed by substituents disrupt co-planarity of the polymer chains as well as 
increasing the inter-chain distance. Both factors reduce the mobility of the 
carriers and as a result lower conductivity is exhibited. Although these 
polymers show higher orders of conductivity, the prospect for their cost 
effectiveness is not bright [50]. 
2.3. CONDUCTIVE ADDITIVES AND COMPOUNDS 
The previous section considered various techniques for enabling plastics to be 
used in EMI shielding through the application of a conductive coating or metal 
film. All these techniques involve a post moulding operation, a feature which is 
regarded by many as undesirable and which has prompted the quest for 
alternative methods of endowing plastics with electrical conductivity, whilst 
retaining the other advantages of plastics [51]. The obvious solution, but by no 
means necessarily a simple solution, is to incorporate electrically conductive 
materials within the plastic matrix. This line of development has produced a 
range of fillers and reinforcements that have been recommended for use in 
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what are generically referred to as conductive composites [52,53]. 
2.3.1. STAINLESS STEEL FIBRES AND OTHER METAL FIBRES 
Stainless steel fibres are the most common types of metal fibre used in EM 
shielding composites. 
Three intrinsic features of stainless steel fibres contribute to their 
effectiveness in EMI shielding composites: 
• Low resistivity (7xl0 "5 ohm-cm); 
• High aspect ratio, typically greater than 200; 
• Flexibility and resilience, which allows the fibres to retain a high aspect 
ratio in moulded products. 
From the viewpoint of a plastic moulder the low fibre loading has certain 
definite advantages: [54] 
• The surface finish of the moulded part is good, 
• Coloration is possible, so decorative painting is unnecessary, 
• Dimensional stability is excellent. 
Compounding and moulding stainless steel fibre filled composites requires 
some special consideration if optimum performance is to be achieved. A 
comparative study of stainless steel fibres with other fibres has been reported 
[55]. Aluminium fibres have been evaluated, but have not achieved significant 
commercial success. A much higher volume loading of aluminium fibres 
(about 9-10 volume percentage) is required to achieve volume resistivity of 10 
ohm-cm, and a further increase in fibre loading produces an asymptotic 
resistivity limit of about 1 ohm-cm. In contrast, copper fibres, because of their 
intrinsically higher electrical conductivity, are more effective than stainless 
steel fibres [56]. The low concentration required to induce conductivity also 
serve to facilitate compounding and to minimise fibre breakage [57,58]. In 
order to improve the poor impact resistance, surface treatments of stainless 
steel fibres and modified polypropylene have been introduced. Polypropylene 
grafted maleic anhydride copolymer was found to enhance the poor interfacial 
adhesion between fibre and matrix. The good affinity of polypropylene grafted 
maleic anhydride for stainless steel fibres leads to the formation of an 
insulating shield around stainless steel fibres, but this reduced the conductivity 
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of the resulting composite [59]. 
2.3.2. ALUMINIUM AND ALUMINIUM ALLOY FLAKES 
Aluminium flakes have received considerable attention as conductive fillers for 
EMI shielding composites and are being used in some commercial custom 
compounds. lt is claimed that the particles flow through plastic moulding 
channels without significant damage or degradation of aspect ratio. 
In comparison with other conductive additives the following points are worthy 
of note: 
• Aluminium flakes are relatively low cost materials, especially when 
compared with stainless steel and nickel coated graphite fibres. 
• The aspect ratio is intermediate between that of chopped fibres and metal-
coated glass spheres. 
• Aluminium (AI) flake filled composites are claimed to cause less tool wear 
than metal fibre or glass fibre materials but aluminium flakes have a 
negative effect on some key physical properties such as tensile strength 
and impact resistance [60]. 
Typically a volume resistivity of 10 ohm-cm is achieved at a loading of about 
10 volume percentage for most common thermoplastics, such as ABS, 
polycarbonate and poly (phenylene oxide) (PPO), a loading of 40 weight 
percentage will provide a shielding effectiveness of 40dB. In a comprehensive 
study of electrically conductive poly (ether sulphone) (PES) composites, 
aluminium flakes were found to provide the best overall performance [61]. An 
aluminium flake composite (40 weight percent AI flake) exhibited a resistivity 
of 7x10.5ohm-cm and a shielding effectiveness of >50 dB. With carbon, steel 
and nickel fibres the tensile strength exhibited a maximum as a function of 
loading that occurred at a lower loading than the percolation threshold [62,63]. 
Composites of polypropylene exhibited resistivities below 200 ohm-cm with 
7.7 volume% aluminium fibres having an aspect ratio of 24:1. At such low 
filler loading the mechanical properties of the composite are similar to those 
obtained with an identical loading of milled glass fibres. While most virgin 
polymer poorly wets aluminium, this characteristic can be improved by 
polymer modification and by surface treatments. An oxide coating on the 
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surface of metal is almost impossible to avoid and effectively insulates the 
aluminium from the molten polymer. Selected silane treatments were found to 
improve the tensile strength of polycarbonate I aluminium fibre composite by 8 
to 10 volume percent loading [64]. Aluminium I poly (methylmethacrylate) 
(PMMA) composites containing different volume fractions of aluminium were 
prepared by milling followed by pressing. Room temperature resistivity of 
these composites dropped several magnitudes when the volume percent of 
aluminium ranged between 20 and 40 volume percent. Microstructure 
examination revealed the presence of continuous chains of aluminium in 
highly conducting composites [65]. 
2.3.3. CARBON FIBRE AND OTHER CARBON FILLERS 
Carbon fibres, like glass fibres, are widely used in the plastics industry as 
reinforcing additives. Since graphite is electrically conductive, composites 
containing these fibres are also conductive above the threshold loading [66]. 
In thermoplastic composites the retention of high fibre aspect ratio is critical in 
obtaining the highest electrical conductivity with short fibres [67 ,68]. Typically 
a fibre loading of about 40 weight percentage is required to achieve a 
shielding effectiveness of 40-50 dB. Graphite flakes were successfully 
incorporated into an unsaturated polyester matrix to form an electrically 
conductive composite with good mechanical integrity. Good wetting between 
the graphite and polyester has been found. A composite containing 5 weight 
percent of graphite flakes possessed effective EMI shielding. An extensive 
study was made on polyethersulphone loaded with stainless, carbon, nickel 
fibres and aluminium flakes to obtain electrically conducting composites. The 
filler I matrix bonding was strongest for aluminium flakes, intermediate for the 
carbon fibres and weakest for the metal fibres. As a result, the tensile strength 
of the composites decreased when the filler volume fraction exceeded 10 
weight percentage for the metal fibres, 30 weight percent for the carbon fibres 
and >40 weight percent for carbon fibres and aluminium flakes [69]. Thus, 
even though the metal fibres were most effective for EMI shielding, they were 
least effective for strengthening the composite. The electromagnetic 
interference shielding effectiveness of 30-40 phr short carbon fibre filled 
polychloroprene, makes the rubber composite a potential EMI shielding 
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material for use in the electronics industry [70-74]. 
Carbon blacks used as conductive fillers are of two types: micro porous and 
structured. Both types need high graphite content in order to provide 
conductivity. Structured blacks are composed of very small particles, which 
have a strong tendency to agglomerate into a chain structure. These 
aggregated structures are not permanent, however, and can be destroyed by 
intensive shear mixing. Carbon black particles are very small; a 
semicrystalline polymer can segregate them during crystallisation [75]. A semi 
crystalline polymer eg. low density polyethylene, becomes conductive at a 
lower concentration than an amorphous polymer, polystyrene, because the 
black particles are pushed into interspherulitic boundaries, where they form a 
network at a lower concentration [76,77]. Electrically conductive rubbers were 
prepared by Das et al. by the incorporation of conductive carbon black into 
ethylene I vinyl acetate copolymers. The electrical and mechanical properties 
depend on their compatibility as well as the viscosity and polarity of the rubber 
[78]. 
2.3.4. METAL FLAKES AND POWDERS 
A variety of metal flakes and powders are commercially available which are 
used in conductive paints, elastomers. Thermoset resins like phenol 
formaldehyde, urea formaldehyde, phenol-melamine have been mixed with 
acetylene black, bronze and copper powder to develop products to avoid 
static electricity [79,80]. Fibre reinforced composites with metals like 
aluminium in epoxies served as effective matrices for steel, copper and 
aluminium fibres [81]. Adhesion between these compositions was improved by 
nitrocellulose lacquer and resorcinol-formaldehyde latex [68,82]. The electrical 
resistivity of composites made from epoxy resin filled with copper, silver, gold, 
tin, lead, bronze and stainless steel powders has shown switching behaviour 
[83]. 
Several series of conductor-polymer composites have been prepared from 
metal, graphite and conducting ceramics as filler materials, and epoxy, 
silicone rubber and polypropylene as polymer matrix. Such types of 
composites have been used for pressure sensors [84]. 
Polyvinyl chloride plastisols with copper powders, iron, nickel, titanium, 
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chromium, and aluminium can produce a heat stable conducting sheet 
[85,86]. John et al. [87] studied polyvinyl chloride (PVC) plastisols and silicone 
resin with silver-coated metal particles for 0-ring composite applications. 
Collins et al. [88] worked on ferromagnetic composite materials for microwave 
shielding [89,90]. Composites of PVC were developed containing titanium 
dioxide surface coated with antimony I tin oxide as conductive material [91]. A 
mixture of potassium, barium, titanium, and palladium was coated on plastic 
together with water to give an alloy-coated plastic that resulted in a conducting 
compound [92]. Composites of metal plastic articles were developed by use of 
finely divided copper and aluminium particles in the base copolymer of 
ethylene, ethylene carboxylic acid and nylon 6 [93,94]. 
Pure nickel particles, supplied by Novamet, USA, are available in the form of 
spheres, platelets and dendrites filaments, with average particle diameters in 
the range 10-25 1-1m. Fine nickel powder (1-51-lm) is an attractive filler for 
obtaining EM composites of low electrical resistivity, high EMI shielding 
effectiveness, low thermal expansion and good mechanical properties. This 
combination of properties is desirable for applications such as a die attach 
adhesive in electronics and for EMI shielding. Compared with the small nickel 
particles, the large particles (78-127!-lm) are poor as fillers. Composites with 
large nickel particles have a high electrical resistivity and poorer mechanical 
properties due to the higher critical volume fraction required for electrical 
conduction for larger particles as filler and the more effective reinforcement 
provided by smaller particles. The superior mechanical properties of the 
composite containing the small size nickel powder are partly due to good 
bonding between the rough surface of the nickel particles and the polymer 
matrix [95]. Maiti and Mahapatro found that the tensile strength and modulus 
of nickel powder filled polypropylene composites were decreased by the 
presence of the filler. This is due to the nickel powder affecting the crystallinity 
and crystal size of polypropylene [96]. 
One-step, add-on thermoformable shielding material represents a new and 
highly useful technology for applying EMI shielding to plastic parts during 
forming operations. The shielding that it provides, up to a draw ratio of nearly 
3:1, is comparable to most post-moulding techniques [97]. 
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2.3.5. METALLISED GLASS FIBRES AND PARTICLES 
Plastics can be made electrically conducting by addition of silver-coated glass 
spheres. These compositions have electrical resistance as low as 0.03 ohm-
cm [98]. The compositions are very useful in coatings and adhesives. 
Metallised glass fibres represent a natural extension of glass fibre technology, 
which is already familiar to the reinforced composites industry. Apart from 
their familiarity in plastics processing, the principal advantage of metallised 
glass fibres is their relatively low cost [99]. The major disadvantage of glass 
fibres is their brittleness and the consequent degradation of fibre aspect ratio 
during processing. Because of the degradation of this key property, relatively 
high loadings of metallised glass fibres are required to achieve reasonable 
levels of shielding effectiveness: typical loading requirements to achieve a 
shielding effectiveness of 30-40 dB are 30-40 weight percent in thermoplastic 
composites and 5-10 weight percentage in thermoset composites [100]. There 
are two major problems that have slowed the acceptance of metal-coated 
glass fibre. The first is that, because of the very small concentration of metal 
in a metal coated glass fibre filled composite, it is often difficult to make 
electrical contact at moulded part edges. The second problem with aluminium 
coated glass fibres is their strong tendency to agglomerate into difficult-to-
handle fibre clumps. These clumps are stabilised by electrostatic attraction 
among the fibres. Silver, copper, nickel can be coated over glass fibres. 
Copper was abandoned as a material of interest because of adverse chemical 
reactions between the metal and many polymers. Nickel is an acceptable 
material that is subject to less oxidation than aluminium [101]. 
2.3.6. NICKEL-COATED GRAPHITE FIBRES 
Nickel-coated graphite fibres have been commercially available for nearly a 
decade: during this period they have been extensively evaluated as 
conductive fillers for EMI shielding [1 02]. Together with stainless steel fibres 
they represent the leading contenders for this application, and most custom 
moulders now offer nickel coated graphite (NCG) filled composites. Nickel is 
the metal of choice for the conductive coating because of its corrosion 
resistance, high conductivity and relatively low cost. The major benefits of the 
NCG materials are: [103,104] 
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• The NCG fibre provides reinforcement of the plastic. This, in principle, 
allows a reduction in part wall thickness and so offers a saving in resin 
consumption, 
• The higher thermal conductivity of the NCG composites affects the rate of 
cooling of parts and allows a reduction in the moulding cycle time of 20-30 
weight percent [1 05]. 
The incorporation of the NCG fibres at the level required for effective shielding 
does have a significant effect on the mechanical properties of the resin: 
tensile strength and stiffness are increased, but impact strength is adversely 
affected [1 06]. 
The effect of filler content, temperature, and frequency of the applied electric 
field on conductivity of composites of nickel coated carbon fibres and 
polypropylene have been considered. Increasing the carbon fibre 
concentration enhances the electrical conductivity. Addition of nickel coated 
carbon fibres can alter the electrical conduction mechanisms and polarisation 
process of the polymer matrix [1 07]. Nickel coated carbon fibres treated with a 
coupling agent have been used for preparing composites of polycarbonate 
and ABS by melt blending [108]. Yang et al. investigated the electromagnetic 
interference shielding effectiveness of injection moulded ASS disks filled with 
stainless steel fibres and nickel coated graphite fibres. The effect of fibre type, 
fibre length and weight percentage on shielding effectiveness were studied. 
The SEM shows that the stainless steel fibres with severe twists connect with 
each other to form a 3D networks. Minor improvements of shielding 
effectiveness values were obtained with expanded ring gate angles [1 09]. 
2.3. 7. NICKEL COATED MICA 
Mica is an abundant, naturally occurring mineral with high strength, good 
thermal stability, and good corrosion resistance. In a real flake composite, 
considerably difficulty is experienced in defining aspect ratio since the flakes 
are not regular in shape; the crystal structure of mica is shown in figure 2.5. 
The physical properties of mica filled thermoplastics lie between those of 
plastics reinforced with glass fibre and mineral fillers like talc [110-114]. 
Therefore, mica reinforced composites possess several excellent properties 
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such as high stiffness, good dimensional stability, adequate temperature 
performance and reduced cost. The reinforcement by mica depends on many 
factors such as aspect ratio, particle size, and processing conditions. 
K Mg3 A1Si3 0 lO (OH)._ 
Figure 2.5 Crystal structure of mica [115] 
High aspect ratio mica imparts a high degree of reinforcement and good 
properties [1 08]. 
Micas are members of a class of silicates known as sheet silicates, a term 
which reflects their crystal structure as in figure 2.5. As with other silicates the 
primary building unit of mica is the Si04 tetrahedron. The tetrahedra are linked 
together via their three basal oxygen ions to form a network of hexagonal cells 
with the apical oxygen ions all pointing in the same direction. The idealized 
basic structural unit of mica comprises two tetrahedra in which the apical 
oxygen ions point towards each other. The voids between the bases of 
tetrahedral in adjacent layers and between adjacent apical oxygen ions 
provide the cation sites. 
Mica is widely used in matrices such as polypropylene, poly (butylene 
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terephthalate) and polyamides for various applications. lt has the following 
advantages like high modulus, high heat distortion temperature, good 
dimensional stability, low warpage and shrinkage, high strength and good 
mouldability [116]. The tensile strength and modulus increase with mica 
volume fraction up to 60 volume percent and decrease at higher loadings. 
This decrease is due to incomplete wetting of the flakes with resin resulting in 
direct flake-to-flake contact and very low load transfer stresses. The decrease 
in mechanical properties by injection moulding results from the degradation of 
the mica aspect ratio and poor flake alignment during injection moulding. The 
best values obtained for mica-reinforced plastics have been obtained for 
compression-moulded samples. 
There are two methods for building durable high aspect ratio particulate fillers 
for EMI shielding. One technique is to use a tough and strong material such 
as stainless steel; another is to support a thin layer of metal on an inorganic 
filler. Thin nickel coating may be produced with a large aspect ratio, but it is 
supported and preserved during processing by a durable mica substrate. 
Since the aspect ratio of nickel can be large, very small quantities of nickel are 
required to impart conductivity to the resin composite. 
Mica is a readily available and widely used material in plastics compounding, 
so metallisation can be seen to be a logical extension. Mica has a flake like 
morphology that is of practical benefit in shielding, since it is suggested that 
the flakes form an overlapping structure to provide a conductive network. 
Apart from providing the conductive element in plastic composites, the nickel 
coated mica offers other benefits associated with standard mica, like good 
electrical properties as well as reinforcement. 
A series of nickel-coated products are available for EMI and RFI shielding 
applications. The materials offers range of density and surface areas, to allow 
the processor a broad selection of materials to suit specific needs. The 
required content for nickel-coated mica would be approximately 40 weight 
percent and 80 weight percent for nickel powder to obtain similar conductivity 
and shielding [117 -119]. 
A number of workers have investigated the filler. Du and Kumagani mixed 
nickel-coated mica I epoxy and triethylenetetramine at 115 °C for 30 minutes. 
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lt was observed that nickel-coated mica flakes, oriented in the direction 
parallel to the sheet, which increased contacts between fillers and had a very 
good shielding effectiveness [120]. 
Kortschot et al. [121] proved that in electroless nickel-coated mica, the 
coatings were polycrystalline, uniform thickness (in fig. 2.6) and continuous 
Figure 2.6 Cross section of nickel coated mica [121] 
for nickel concentrations greater than 20 percent. At 17 percent nickel by 
weight, discontinuities in the coating were observed and this noticeably 
decreased the conductivity of the composites moulded with these imperfectly 
encapsulated mica flakes. The performance of the mica flake coated with 43 
weight % nickel was almost identical to that of commercial aluminium flakes. 
This is expected since the aspect ratio of the coated mica is quite similar to 
that of the aluminium flakes, both being about 20 to 50. When the volume 
percentage of the nickel content alone is considered, the plot of nickel 
concentration versus resistivity shifted far to the left indicating very high 
efficiency. Since the nickel coating has an effective aspect ratio near 500, only 
3 percent by volume is sufficient to provide shielding for roughly 95 percent of 
all commercial applications. 
As the total volume percentage of filler increased, the constant quantity of 
nickel was spread thinner and thinner resulting in greater aspect ratios and 
correspondingly lower resistivities. The composites containing 18 volume 
percent filler was the most efficient produced in the study. lt is evident that 
ultra-thin nickel coatings are a very promising means of producing conductive 
composites with minimum metal content. The analysis of a nickel-coated mica 
composite on the basis of its nickel content, without consideration for the 
amount of mica required to support the nickel, is justified economically [121]. 
The cost of replacing resin with mica is negligible, and therefore it is the nickel 
'EM/ properties of electro/ess nickel coated mica In different polymer matrices' 26 
Chapter 2 Literature review 
content, which determines the price the final composite. Small amounts of 
stainless steel fibres, when added to 20 percent nickel-coated mica were 
found to produce a fairly large improvement in shielding effectiveness. This is 
due to the fibrous nature of stainless steel fibre, which helps to improve the 
continuity of the 20 percent nickel-coated mica phase. Blends of nickel-coated 
mica and stainless steel fibres may be more meaningful for the applications 
where better retention of impact strength is required [1 07]. 
2.4. PERCOLATION THEORY 
Percolation theory describes the movement of a classical particle through a 
randomly distributed medium. The subject was first reviewed by Read and 
Stow [122]. 
Traditional percolation theory [123] was concerned with the flow of 'fluid' 
between the nodes of a regular lattice. The randomly dispersed filler particles 
of a conductive composite represent a continuum percolation problem. To 
model these materials a computer simulation is normally employed. The 
simulation is classed as the Monte Carlo method. The conductivity of any 
material is related to its atomic or molecular structure. The addition of a 
conductor or semiconductor to an insulator affects the electrical properties of 
the composite according to the degree of filling and proximity of conductive 
particles to other conductive particles. Three situations are possible: no 
contact between conductive particles, close proximity and physical contact. 
When conductive particles are isolated, the conductivity of the composite is 
changed only slightly. The composite remains an insulator, although its 
dielectric properties may change significantly. When the conductive particles 
are in proximity, electrons can jump the gap between the particles, creating 
current flow. The ability of an electron to jump a gap, under a given voltage 
field, increases exponentially with decreasing gap size. Gaps as large as 
10nm can be jumped. The process of electron transport across an insulator 
gap is referred to as hopping or tunnelling. Tunnelling is a special case of 
hopping in which the electrons can jump from the valence band of ions or 
molecules on one side of the gap to the conduction band on the other side 
without an energy exchange. Hopping consists of the same type of electron 
flow between conductors across an insulating gap. However, the electron 
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must have its energy level increased to that of an appropriate band from 
which it can jump across the gap. Hopping, therefore, involves activation 
energy. The theoretical development of the hopping model is due to Matt. The 
equation for the probability, P, which an electron would hop from one energy 
state to another through the insulator, is of the form in 2.8. 
(2.8) 
where a is a constant, E is the activation energy needed to hop the energy 
gap, T the temperature, Ep the local polarisation energy across the barrier, t 
the tunnelling factor. The factor is of the form in 2.9, 
I t = e·a' ___. (2.9) I 
where a is a constant and r the spatial distance through which the electron 
must tunnel. The exponential form of the tunnelling factor shows the 
importance of maintaining close proximity between adjacent conductive 
particles. The presence of activation energy in Matt's equation also shows that 
temperature effects are to be expected. 
The third condition, which is possible when conductive filler is introduced into 
an insulating matrix, is that the conductive particles will physically contact 
each other to form a continuous network throughout the composite. Under this 
condition the composite conducts through the particle network by the 
conduction mechanism of the particles. Composites using metal particles as 
the conductor would then exhibit band type conduction. The AC and DC 
behaviour of the composite can differentiate band conduction and hopping 
conduction. A composite, which conducts by hopping mechanism, will exhibit 
a higher AC conductivity than DC conductivity. it will also show an increase in 
conductivity with increasing frequency [124]. 
Harvey [124] claims that in highly loaded composites actual touching does 
occur. The basis for his conclusion is that the current-voltage characteristics 
of such composites are linear (ohmic) whereas. the nonohmic behaviour 
observed in other composites is due to the electron hopping mechanism. The 
total nonohmic behaviour of composites is claimed to be caused by extended 
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space charge distributions near the electrodes. lt is probable that metal 
particles and fibrous conductive fillers conduct by hopping, although actual 
physical contact between these particles is also possible. Their much larger 
size makes them less likely to be isolated from other particles and more likely 
to penetrate a thin film. On the other hand the 10 nm coating through which 
electrons can pierce is not very thick, and good wetting between polymer and 
filler should provide a coating at least that thick. The effect of temperature and 
filler content <P on the electrical resistivity of a styrene-acrylonitrile polymer 
filled with iron or aluminium powders has been studied [125]. The resistivity of 
such composites decreases suddenly by several orders of magnitude at a 
critical volume concentration <Pc. which depends on the size distribution of the 
particles and on thermal history. For filler contents lower than <Pc. the resistivity 
decreases with increasing temperature, whereas for <P > <Pc there is a sudden 
increase in resistivity at a temperature near the glass transition temperature of 
the polymeric matrix. As already noted, the threshold concentration for 
electrical conductivity is strongly dependent on the aspect ratio of the 
conductive filler, and particles of essentially spherical shape require a high 
volume loading (of the order of 40 volume percentage) to form the necessary 
conductive network [126]. 
The behaviour of composites made with an insulating matrix and conductive 
filler is quite interesting and extremely important to understand. The reason for 
these comments is that the composite changes from an insulator to a 
conductor over a very narrow range of filler concentration. Gurland has shown 
that the sharp change from an insulator to a conductor is due to the formation 
of a network among the conducting filler particles. As explained previously, 
this network does not necessarily imply physical contact between adjacent 
particles. Network formation has most frequently been treated as a percolation 
process. The percolation model simply refers to a means of continuous 
network formation through a lattice, taking into account the relative 
concentrations of the two materials comprising the network. lt is a statistical 
representation most frequently analysed by Monte Carlo techniques. Although 
this approach has not been completely successful in predicting the 
performance of real composites, it is worthy of examination. 
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2.4.1. EFFECT OF FILLER TYPE, PARTICLE SIZE AND ASPECT 
RATIO ON COMPOUND PROPERTIES 
lt is a general feature of composites filled with conductive materials that as the 
volume fraction of the filler is increased there is a point at which there is a 
sudden transition in behaviour from an essentially insulating composite to an 
electrically conductive composite. This critical point, where the electrical 
conductivity suddenly increases by several orders of magnitude with a small 
increase in filler volume function, is termed the percolation point. The critical 
volume fraction is often referred to as the threshold concentration. The sharp 
transition is attributed to the formation of a continuous conductive network or 
pathway through the plastic matrix: electrical conduction occurs through 
particle - particle contact and by a quantum tunnelling mechanism. lt will be 
appreciated that the percolation point as in figure 2.7 is strongly dependent on 
the filler aspect ratio, the orientation and dispersion in the matrix, and the 
surface tension between the filler and the matrix [127]. 
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Figure 2.7 Universal shape of resistivity curve for metal fibre composites [123] 
Also figure 2.8 shows that length to diameter ratio is one of the key factors 
governing the volume resistivity of conducting composites. Generally two 
methods of packing metal particles in a polymer matrix have been employed. 
They are random and segregated distributions as shown in figure 2.9. 
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Figure 2.9 Schematic illustration of random (A and B) and segregated metallic 
filler distribution in polymer matrix (C and D) [129] 
Random conductive composites are produced by injection moulding or 
extrusion techniques, whereas compression moulding normally process 
segregated conductive composites. The volume resistivities and morphologies 
of random and segregated filled composites are shown in figure 2.10 and 2.11 
respectively [129]. Generally speaking it is very important to maximise both 
the volume/surface area occupied by the polymeric phase and the surface 
area/volume possessed by the metallic phase. Spherical particles would 
minimise the potential contact surface area while maximising the volume 
displaced and flake shaped, needle like, fibrous metallic particles would 
increase surface/volume ratio, thereby enhancing mobility. 
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Figure 2. 11 Morphology of random and segregated distribution of fillers in 
composites [129] 
2.5. EFFECTS OF COMPOUNDING AND PROCESSING 
There are clear advantages in the use of both fibrous and flake like fillers in 
filled electrically conductive plastics. The distribution of the filler particles in 
the finished article is mainly characterised by the way in which the filler is 
worked into the plastic material. Thus, for instance, due to the flow processes 
occurring during injection moulding or in the extrusion of filled plastic melt, 
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there is a possibility of the mixtures separating into their constituent parts and 
thus the occurrence of inhomogeneties. Orientation of the filler particles in 
relation to the direction of flow can result in anisotropic electrical properties. 
The most serious problems for the development of electrically conductive 
polymers with conventional fillers may be listed as follows: 
1. Low electrical conductivity on the surface of the injection moulded article. 
2. Poor contactability between the individual parts of the housings. 
3. Inhomogeneities in the distribution of the filler in the intricate parts of the 
housings. 
4. Partial, inadequate stability of the electrical conductivity to stresses due to 
changes in temperature and to mechanical loads. 
5. The heterogenous surface structure of metal-filled systems and black 
coloration of carbon black filled systems requires expensive injection 
moulding processes for example a two component process [130]. 
The effects of polymer I filler interactions, processing and morphological 
development on low percolation-threshold, conducting blends have been 
investigated [131]. lt was found that the value of percolation threshold was 
dramatically reduced by the isolation of the carbon black conducting filler at 
the cocontinuous interface of a binary polystyrene and styrene-acrylonitrile 
(SAN) insulating host, resulting in a multiple percolation effect. Accumulation 
of the filler at the interface was possible due to the incompatibility of the 
carbon black filler with the polystyrene phase and partial compatibility with the 
SAN phase. The best results were obtained by initially dispersing the carbon 
black in the polystyrene phase during melt blending, followed by the addition 
of the SAN phase. The percolation threshold remained high, which lead to 
difficulties in processing due to an increase in melt viscosity of the blend, as 
well as the possibility of poor mechanical properties due to high filler content. 
One method of reducing percolation threshold in binary melt-blended systems 
involves the use of a highly crystalline polymer host. As the conducting fillers 
are unable to penetrate the crystalline regions of the host, they are 
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preferentially isolated entirely in the amorphous region, reducing the effective 
volume required for percolation. 
2.5.1. EFFECT OF MIXING TIME ON TERNARY BLENDS 
Ternary conducting blends consisting of immiscible binary host polymers filled 
with carbon black (CB) use a simple melt processing technique. The main 
advantage of these ternary systems is the relatively low carbon black content 
required [131] to achieve percolation compared with conventional binary 
systems. At short processing times, there was insufficient time for the carbon 
black to migrate to the interface of the SAN I PS. The critical processing time 
for the onset of conductivity in the sample or (double) percolation time 
seemed to occur after approximately 7 minutes of melt blending in SAN I PS 
blends containing 2 weight percent carbon black as shown in figure 2.12. Most 
of the dispersed CB in the PS had migrated towards the interface between the 
SAN and PS hosts, and the conductivity of the blend has risen. As the 
processing time was increased to 40 minutes, the conductivity of the sample 
began to decrease, leading to over dispersion of the carbon black [132). 
Schematic diagrams of phase morphology of ternary blends during melt 
mixing are shown in figure 2.12. 
T= 7 minute T= 15 minute 
PS phase Carbon black 
T=40minute 
Over 
dispersion of 
carbon black 
in SAN phase 
Figure 2.12 Schematic diagram of phase morphology of ternary blends during 
melt mixing [131} 
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2.5.2. EFFECT OF SCREW TYPE 
Bigg et al. [133] worked on the mechanical properties of short fibre reinforced 
thermoplastic composites, which depend on the degree of interfacial bond 
strength between the fibres and polymer matrix. lt is important to maintain the 
fibre aspect ratio as high as possible in a moulded parts. When the polymer is 
in the form of pellets a single screw compounder does less damage to glass 
or carbon fibres than a twin screw compounder under similar processing 
conditions as shown in figure 2.13. When the polymer is supplied as powder, 
satisfactory dry blends can be produced and the twin-screw compounder does 
less damage to the fibres. The greatest degree of fibre size retention was 
observed when extrusion coated fibre pellets were used in an injection 
moulding machine. Substantial fibre breakage occurred during the 
compounding and injection moulding of carbon and glass reinforced 
thermoplastics. 
When a single screw extruder was used to compound the fibres into the 
polymer, less damage was done to fibres than when a counter rotating twin-
screw extruder was used, except when the polymer was fed to the extruders 
a b 
Figure 2. 13 Effect of extrusion compounding on carbon-fibre breakage in 
moulded ABS composites a) single-screw extruder b) twin-screw extruder [133, 
134] 
as a powder. In addition to differences in fibre breakage due to the types of 
compounder used, there were also differences related to the type of resin 
used. 
lt was shown [135] that longer fibres in a composite can be obtained by 
increasing the processing temperature and lowering the screw speed, 
'EM/ properties of electro/ess nickel coated mica In different polymer matrices' 35 
Chapter2 Literature review 
resulting in decreased viscosity of resin and shearing force. Adding fibres from 
melting zone into molten resin greatly reduced the fibre damage. Adding 
lubricants further improved the lengths of fibres, the dispersion of fibres, and 
SE of the composite. The SE of the composite increased with an increase in 
the fibre content up to 40phr. The addition of NCG fibre into polycarbonate 
resin causes a slight reduction in melt flow as measured on a spiral flow 
mould. At a given NCG fibre loading level and wall section thickness, there is 
an improvement in the melt flow with an increase in the melt temperature, or 
injection pressure. Dry blend NCG fibre mixed with polycarbonate resin 
demonstrated a broad melt flow range, increasing the latitude for the moulder 
to fill thin walls and long flow parts [136]. Fellar et al. worked on processing 
conditions that govern the conductivity of extruded tapes of poly (butylene 
terephthalate) I poly (ethylene-eo-ethyl-acrylate) I carbon black. Increase in 
processing temperature and screw speed lead to decrease in resistivity [137]. 
2.5.3. EFFECT OF INJECTION SPEED, BACK PRESSURE AND 
NOZZLE DIAMETER 
Mal et al. [138] studied the effect of processing conditions on shielding 
effectiveness of parts moulded with dry blend NCG fibres. Injection moulding 
of the composite specimen was performed with general-purpose 20:1 UD 
screw with a compression ratio of 2.5:1. Increasing the fill time during injection 
moulding from 2.5 seconds to 8 seconds increases the SE significantly from 
36 to 56dB. The conductivity also improves with reduction in injection speed 
as shown in figure 2.14. Any further reduction in injection time below 2.5 
seconds does not improve the SE or electrical properties of the sample. 
When a standard nozzle tip with 4.5mm diameter opening was replaced with a 
smaller nozzle tip with 3 mm opening, there will be considerable reduction in 
SE particularly at higher injection speeds. A more rapid loss in electrical 
properties was seen with increasing injection speed with the smaller nozzle 
tip. The loss in shielding effect is due to the reduction in the fibre aspect ratio 
caused by the higher shear conditions induced by higher injection speeds and 
a smaller nozzle opening. 
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Increasing the screw backpressure improved the SE and electrical properties. 
So with the given machine and screw configuration, the melt temperature, 
screw back pressure and injection speed appeared to have the most dramatic 
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Figure 2.14 Effect of injection speed on resistivity [138] 
effect on the SE and electrical properties of moulded parts. The machine 
screw speed appeared to have no significant effect on these properties [138]. 
2.5.4. EFFECT OF STRETCHING 
Structural changes, which occur in composites under the effect of various 
mechanical deformations, affect the structure of an electrical conducting 
system. Mechanical stresses, induced by deformation of composite materials, 
affect both molecular and super molecular structure of polymers. During the 
initial stage of deformation, decomposition of the conducting system proceeds 
as a consequence of polymer chain elongation and growth of the average 
distance between filler particles interacting with macromolecules. Breaks of 
some chain of conducting particles lead to weakening of an infinite cluster and 
results in the increase in resistivity [139]. 
2.5.5. EFFECT OF VISCOSITY 
The viscosity of the metal-filled polymer-matrix composite during fabrication 
can be described as being in either of two categories, namely local viscosity 
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and macroscopic viscosity. The polymer matrix determines the local viscosity 
and it depends on the temperature only. The polymer matrix does not only 
govern the macroscopic viscosity, the viscosity of the filled polymer but also 
by the filler. lt is well known that viscosity of filled polymers increases rapidly 
with the filler content. For poly (ethersulphone) (PES) and poly (imide 
siloxane) (PISO), the local viscosities are 2.1 kPa sand 57.6 kPa sat 320 °C, 
respectively, whereas the macroscopic viscosities of the filled polymers (both 
40 weight percent nickel) are 100kPa.s and 1400 kPa.s respectively. The 
viscosity of the filled polymer was indeed increased by the presence of filler. 
However, large difference exists between the local viscosities of the two neat 
polymers and between the macroscopic viscosities of these two filled 
polymers. Therefore, it is very clear that local viscosity plays a very important 
role than the macroscopic viscosity in affecting the electrical properties of the 
composite fabricated by dry mixing and compression moulding. The electrical 
resistivity of PISO I Ni was actually lower than that of PES I Ni as in figure 
2.15. A large polymer-to-filler particle-size ratio enhanced the electrical 
continuity of the metal filled composites [94, 140]. 
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Figure 2.15 Effect of viscosity on resistivity [140] 
2.6. ELECTROLESS PLATING 
Electroless plating provides one of the most cost effective methods of creating 
an electrically conductive surface film on non-conductors to satisfy 
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requirements for EMI shielding. In principle, the surface to be coated must be 
capable of initiating the deposition reaction. According to Reidel [141], 
electroless nickel coating is a method of coating metallic bodies with an 
ultramicro crystalline nickel through controlled autocatalytic reduction of the 
cations at the surface of the said substrate body by means of hypo phosphite 
anions or borohydride anions in an aqueous medium, without the use of 
external source of electric current. This autocatalytic reduction of nickel is 
carried out at elevated temperature and a pH range of 4-6, depending upon 
the type of bath. 
Nickel-phosphorus electroless coatings account for a large majority of 
commercial electroless coatings since these impart excellent corrosion 
resistance and low surface friction properties. Electroless copper plating, 
unlike nickel and most other commercial electroless processes, results in a 
layer of pure metal, rather than an alloy coating. There is also a growing 
interest in the electroless plating with gold and other precious metals such as 
palladium and silver, in both alloy and pure metal forms especially for 
electrical and electronic applications [142]. 
2.6.1. CLASSIFICATION OF ELECTROLESS NICKEL PROCESSES 
All methods used to deposit electroless nickel from aqueous solutions can be 
classified in the following terms: 
a) Reducing Agent. 
b) Bath pH. 
c) Deposition Temperature 
The various bath components are discussed below: 
2. 6.1.1. Nickel source 
The preferred source of nickel cations is nickel sulphate. Other nickel salts, 
such as nickel chloride and nickel acetate, are used in a very limited number 
of applications. The use of nickel acetate does not yield any significant 
improvement in bath performance or deposit quality when compared with 
nickel sulphate. The ideal source of nickel ions is the nickel salt of 
hypophosphorus acid [141]. 
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2. 6.1. 2. Reducing agents 
Four reducing agents have been used in the chemical reduction of nickel from 
aqueous solutions. They are sodium hypophosphite (NaH2P02.H20 ), sodium 
borohydride ( Na8H4 ), dimethyl amine borane (CH3 )2 NHBH3 and hydrazine 
(N2H4 . H20). 
The four reducing agents are structurally similar in that each contains two or 
more reactive hydrogens, and nickel reduction is said to result in catalytic 
dehydrogenation of the reducing agents. 
2.6.1.3. Oxidation of reducing agent 
Overall reaction 
Ni 2+ + Reducing agent .. Ni0 + Oxidised product 
lt must be emphasised that an understanding of the course of the reaction, 
especially as it relates to the reduction of phosphorus or boron, is extremely 
important. lt is the inclusion of phosphorus or boron in the respective nickel 
alloys that determines the properties of the resulting nickel-plated substrate. 
Some characteristics of the reduction reactions are 
• The reduction of nickel is always accompanied by the evolution of 
hydrogen gas. 
• The deposit is not pure nickel but contains phosphorus, boron or nitrogen 
depending on the reducing medium used. 
• The reduction reaction takes place only on the surface of certain metals, 
but must also take place on the depositing metal. 
• Hydrogen ions are generated as a by-product of the reduction reaction. 
• The utilisation of the reducing agent for depositing metal is considerably 
less than 100 percent. 
• The bath contains nickel ions and a reducing agent in metastable 
equilibrium. The bath will normally be stabilised such that the two 
components will not spontaneously react with one another under normal 
operating temperatures. 
• The nickel content of these baths is very low. 
• The deposition rate is usually very low. 
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• Apart from bath composition, deposition rate is closely dependent on 
temperature and pH and, to some extent, on the age of the bath. The 
buffers, complexants, accelerators and stabilisers added to commercial 
formulations ensure optimum deposition rate and bath stability. 
• Metal deposition is initiated and maintained by a catalyst, removal of which 
brings the reaction to an end. 
• The surface to be coated will itself act as a catalyst in cases where this 
material is itself catalytically active or when it has been activated using a 
catalyst. The depositing metal must itself be catalytically active in order 
that the heterogeneous process may continue. 
• The reduction of nickel is accompanied by hydrogen evolution. The molar 
ratio of deposited nickel to hydrogen evolved lies in the range 1:1.76 to 
1:1.93. 
• Chemicals consumed in the reaction must be replenished either on a 
continuous basis or at regular intervals when their concentration falls 
below a given level. Such replenishment is permissible until the build up of 
reaction products and non-decomposable species exerts a detrimental 
influence where the bath must be discarded [141]. 
2.6.1.4. Deposition mechanism in hypophosphite baths 
The overall reaction in the hypophosphite reduction of nickel ions may be 
written as 
The same reaction has been formulated as: 
2H2P02. + Nt• + 2H20 ~ 2H2P03. + H2 + 2H+ + Ni 
or 
Nt• + H2PO£ + H20 
All these reactions take place on catalytically active surfaces with input of 
external energy i.e., at elevated temperatures (60< T< 95 °C). In addition to 
metallic nickel, Ni, some molecular hydrogen is also formed. Apart from this, 
formation of H • ions results in the baths becoming more acidic, while 
orthophosphite ions H2P03" are also formed. Soviet research groups [141] 
examined the whole question of hypophosphite ion adsorption and 
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subsequent chemical as well as electrochemical reactions in detail. Thus, the 
adsorption of H2Po2• and OH" ions on the catalytically active nickel surface 
forms a key part of the overall process. The adsorbed ions and molecules 
initiate a chain of consecutive reactions: 
HzPO£ ads· + OH · ads. -----+ 
H 
H+H 
NiOH+ ads. + 2e Ni 0 + OH" 
This postulates an electrochemical oxidation - reduction on the virgin nickel -
phosphorous surface. 
2.6.1.5. Acid hypophosphite bath 
Late in the 1950s [141), it was recognised that acidic hypophosphite baths 
offered a number of advantages in comparison with alkaline - ammonia I types. 
These include higher deposition rates, increased stability, and greater 
simplicity of bath control and nickel-phosphorus deposits with improved 
properties. Such baths produce deposits containing 5-14 weight percentage 
phosphorus. The preferred pH of these baths is between 4.6-5 and their 
operating temperature from 85-95°C. The deposition rates are in the range 
10-30 microns per hour. 
2.6.1.6. Electroless nickel deposition with boron compounds 
Aminoboranes are weaker reducing agents than the borohydrides and, 
whereas the latter compounds are best used in alkaline solutions at 90-95°C, 
the aminoboranes are used in neutral to weakly acid media at lower 
temperatures. The electroless deposition of nickel using sodium borohydride 
as a reducing agent can be written as follows: 
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NaBH4 + 4NiCiz + 8NaOH ---+• NaB(OH)4 + 8NaCI + 4H20 + 4Ni 
Electroless nickel baths using sodium borohydride as reducing agent are 
based on nickel salts (NiS04.?HzO). 
2. 6.1. 7. Other baths 
· Hydrazine is a strong reducing agent in alkaline solutions, in the presence of 
nickel ions and complexants. 
2Ni + Nz + 4Hz0 
Using hydrazine, nickel deposits of 97-99 weight percentage purity can be 
obtained. However, the physical properties are not as satisfactory as those 
from hypophosphite baths. They can be brittle and dark in colour and are 
often highly stressed [143]. 
2.6.1.8. Other components in the electroless bath 
Complexants These reduce excess free nickel ion concentration so 
stabilising the solution and preventing nickel phosphite precipitation. They 
also act as pH buffers. Eg. Monocarboxylic acids, dicarboxylic acids, hydroxy 
carboxylic acids, ammonia, alkanoamines. 
Accelerators These compounds activate hyphosphite ions and accelerate 
deposition. Their mode of action opposes stabilisers and complexants. Eg. 
Anions of some mono- and di- carboxylic acids, fluorides, berates. 
Stabilisers These prevent solution breakdown by shielding catalytically active 
nuclei. Eg. Lead, tin, arsenic, molybdenum, cadmium or thallium ions, thiourea 
etc. 
Buffers Sodium salts of certain complexants help in longer-term pH control. 
Wetting agents Ionic and non-ionic surfactants help to increase the 
wettability of surfaces to be coated [144-145]. 
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2.6.2. OVERVIEW OF ELECTROLESS PLATING ON NON-
METALLIC SUBSTRA TES 
The plating of non-conductors has been carried out for many years [141, 142]. 
Articles plated were mainly decorative, and adhesion of the plate to the 
substrata was minimal. 
One of the early plastics to be plated on a large scale was polypropylene, 
which gave adhesion. Even though adhesion was excellent, other problems 
occurred that ultimately led to the demise of plated polypropylene. These 
problems included 
(1) Failure to pass thermal cycling due to its high coefficient of linear thermal 
expansion. 
(2) Brittleness after plating due to notch sensitivity. 
(3) "Sink" marks caused by the plastic shrinking in the mould. 
Some of the reasons various industries are interested in plating plastics 
include: 
• Lowercost 
• No secondary operations 
• Design freedom 
• Weight reduction 
Many plastics are plated today, including: ABS (acrylonitrile-butadiene-
styrene), poly(sulfone), poly(ether sulfone), poly(ether imide), polytetrafluoro 
ethylene, poly(arylether), poly(carbonate), poly(phenylene oxide) (modified), 
polyacetal, urea-formaldehyde, diallylphthalate, mineral-reinforced 
polyamides, phenol formaldehyde [141]. 
Of the resins listed, ABS (acrylonitrile-butadiene-styrene), has found the 
widest acceptance in the plating industry. This quality makes it unique for 
plating, as the butadiene can be selectively etched out of the matrix (Fig. 
2.16), leaving microscopic holes that are used as bonding sites by the 
electroless plate. 
Other factors influencing the choice are: 
• Low cost 
• Low coefficient of thermal expansion 
• Ease of moulding 
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Polybutadiene 
I \ Etched surface 1-r---------1 
Styrene 
acrylonitrile 
Figure 2.16 Microscopic holes of the etched surface [142] 
• Good metal adhesion to the substrate 
• Good appearance after plating 
Generally, acid electroless plating protects the surface roughness of the 
insulating layer prior to the electroless plating of metal conductive film, thereby 
increasing the bond strength of the conductive film [146]. 
lmmel et al. [144] deposited copper-nickel duplex coatings on thermoplastic 
housings for electrical and electronic devices for effective EMI shielding 
applications. Such types of films developed over thermoplastics showed 
excellent chemical stability. Perfect dry lubricating parts like gears, pneumatic 
and hydraulic parts, seals, valves were developed by lamellar structured 
electroless nickel and copper coating of polytetrafluroethylene (PTFE) with an 
effective EMI shielding efficiency [145, 146]. 
A coloured pearly lustre pigment was developed by electroless nickel-plating 
onto titanium dioxide coated mica [147-49]. In manufacturing glass substrates 
for magnetic recording medium the plating process involves two steps. The 
plating, after initial treatment was found to be successful only when coating 
was carried out between 80-95 °C [150, 151]. 
Wood particles metallised by electroless plating are suitable as a raw material 
for the manufacture of particleboard. The specific gravity of the particleboard 
'EM/ properties of electro/ess nickel coated mica In different polymer matrices' 45 
Chapter 2 Literature review 
is about half that of plastic composite materials. The shielding effectiveness of 
the particleboard was improved by increasing the quantity of metallised wood 
particles and the applied pressure [152, 153]. 
Electroless plating has been widely used to prepare nickel based composite 
coatings such as Ni-P-SiC and Ni-P-graphite for tribological applications [154]. 
Yu et al. worked on polyimide films after argon pre-treatment for special 
electronic applications. Polytetrafluoroethylene powders were mounted on an 
electroless nickel I phosphorous film on the surface of a carbon fibre by an 
electroless eo-deposition method. This type of carbon fibre filler was then 
compounded with acrylonitrile-butadiene-styrene for use in electromagnetic 
interference shielding [155]. 
2.6.3. PRE-TREATMENT FOR ELECTROLESS COATING 
Non-conductors call for special treatment involving etching, activation and 
electroless plating in order to make their surfaces electrically conductive. The 
pre-treatment sequence is as follows; cleaning, swelling, etching, neutralising, 
conditioning, activation, reduction, electroless metallising. lt is very important 
that the surface has a roughened appearance as in figure 2.16. The surface 
should show a number of cavities into which the electroless copper or nickel 
anchors. 
The early version of activation was a two-step procedure. Step 1) was a 
stannous chloride I hydrochloric acid solution in which the stannous ion was 
adsorbed onto the surface. The part was then rinsed well. Step 2) was a 
palladium chloride I hydrochloride solution which, when the part with the 
stannous ion was immersed in it, caused the Pd +2 ion to be reduced to Pd 0 
according to the following reaction: 
Sn 2+ + Pd 2+ Sn 4+ + Pd 0 
The Pd sites formed the catalytic surface needed to deposit the chemical 
nickel. Present day catalysts [156-158] are essentially the earlier two-step 
version combined. In other words, the palladium chloride, stannous chloride 
and hydrochloric acid are in one solution, which is a palladium-tin hydrosol, a 
solution of complex ion and colloidal particles whose activity and stability 
depend on the chloride and stannous ion concentrations [159,160]. To keep 
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good adhesion at high temperature, plastic films are dipped in the solution of 
benzimidazolethiol [161]. 
Working with electrolessly deposited copper, nickel and cobalt, Chow et al. 
[162] have found that ultra violet irradiation after sensitisation is sufficient to 
inhibit metal deposition. This was explained in terms of the oxidation of Sn •2 to 
sn•4 by the UV light. The sn•2 is essential for the formation of the metallic 
palladium deposit in the activation stage. lt is believed that UV light also 
induces crystalline structure changes. Palladium is face centred cubic, and it 
is reasonable to suppose that other metals with the same crystal structure 
could form epitaxially on the palladium. Both copper and nickel are face 
centered cubic, cobalt is normally hexagonal close packed. The chemistry of 
the nickel and cobalt deposition processes is closely related, and involves 
phosphorus, which is incorporated into the deposited layer. So increased 
crystallinity in the palladium prior to metallising might well inhibit the 
deposition of nickel and cobalt. The recent process consists of eliminating tin 
and using only dilute and stable PdCI2 solutions on surfaces carrying 
nitrogenated groups. In addition, a plasma grafting may possibly be done on 
patterned areas, which allows us to obtain selective metallisation on 
substrates of complex geometry to be obtained [163]. 
A novel process based upon the aqueous electrochemistry of silver (11) has 
been developed for etching, catalysing and subsequently metallising ABS 
[164]. In this work, a thin coating was deposited onto mica flakes by an 
electroless coating technique. Also plating on mica was studied using a 
solution containing stannous chloride and palladium chloride under acid 
conditions as well as with colloidal palladium. 
2.6.4. HEAT TREATMENT OF ELECTROLESS NICKEL COATING 
Lin et al. [165] worked on sintering and phase evolution of electroless nickel-
coated alumina powder. According to them elecroless nickel layers with a low 
phosphorous content exhibit a crystalline or microcrystalline structure, 
whereas those with a high phosphorous are amorphous. Nevertheless, it was 
also reported that crystalline and amorphous phases both might be coexistent 
in electroless nickel deposit. Tzeng et al. [166] worked on heat-treated 
electroless-nickel carbon fibres. The phosphorus content, which could be 
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controlled by varying the deposition parameters, such as pH value, bath 
composition, plays an important role in the structure and properties of the 
coatings. Since the solubility of phosphorus in crystalline nickel is very low, 
the Ni-P alloys are in a metastable state and phase transformation occurs 
upon heat treatment. Investigations have been conducted on the structure 
and properties variations after heat treatment. However, some controversial 
and even conflicting results, which are partly due to the unstable structure of 
the deposited alloy, were reported. For example, different intermediate 
metastable phases have been found during heat treatment, although they 
were finally transformed to the stable Ni3P phase. 
2.7. POLYMERIC MATRIX MATERIALS 
Although thermoplastic resins can be made electrically conductive by 
incorporating conductive additives, their conductive performances may vary 
from each other, even ifthe same type and amount of conductive filler is used. 
lt means that the level of composite conductivity is a function of the structure-
property relationship of the matrix resin. The thermoplastic resins generally 
employed as matrices for conducting composites cover quite a wide range, 
such as ABS, PE, PS, PA, PC, PP, PET, PBT, POM, modified PPO, PVC, 
PPS, PEEK. They can be classified in accordance with their condensed state: 
crystalline and I or amorphous. 
Crystalline thermoplastics have balanced mechanical properties as well as 
higher heat and chemical resistance. They are more and more popular in 
producing conductive plastics. Besides homogeneous polymers, thermoplastic 
copolymers and blends are also used for the optimum matching of properties 
of matrices and ingredients. Indeed, electrical conductivity of thermoplastic-
based composites can be improved by the addition of a second low viscosity 
polymer. As was shown by Reboul, PVC filled with carbon black has lower 
resistivity in the presence of a thermotropic liquid crystal polymer, which 
reduces the melt viscosity of PVC and consequently reduces the breakdown 
probability of the carbon black structure [167]. 
In general, the polyamides offer good chemical resistance, high strength, high 
toughness, high heat-distortion temperature, low mould-shrinkage rate, self-
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lubrication, hardness, and good surface appearance. The greatest thermal 
stability is observed for carbon fibre reinforced PEEK, which offers a high 
heat deflection temperature. Because of consideration of resin costs, PEEK 
and PPS are generally reinforced with carbon fibre and used in high 
performance applications. Olefins are often used as matrix resins for some 
conductive composites since low cost enables the manufacturing of injection 
moulded, blow moulded and extruded products. PC resin is a typical 
amorphous thermoplastic polymer with considerable toughness, low creep 
rate, low mould shrinkage and excellent dimensional stability. PC with 
conductive fillers is used for moulding complex articles. ABS resin combines 
good corrosion resistance, surface hardness, toughness; easy processing and 
its conductive versions are widely used in industrial and electronic equipment. 
In this work two different polymers (PP and ABS) were investigated for 
developing conducting thermoplastic composite. 
2. 7.1. POL YPROPYLENE 
Polypropylene is a thermoplastic material that is produced by polymerising 
propylene, a gaseous by-product of petroleum refining, in the presence of a 
catalyst (Ziegler-Natta) under carefully controlled heat(- 335K) and pressure 
(200-600kPa). 
In the polymerisation reaction, many propylene molecules (monomers) are 
joined together to form one large molecule of polypropylene. Propylene is 
reacted with an organometallic, transition catalyst to provide a site for the 
reaction to occur, and propylene molecules are added sequentially through a 
reaction between the metallic functional group on the growing polymer chain 
and the unsaturated bond of the propylene monomer. One of the double 
bonded carbon atoms of the incoming propylene molecule inserts itself into 
the bond between the metal catalyst (M in the reaction shown) and the last 
carbon atom of the polypropylene chain. A long, linear polymer chain of 
carbon atoms is formed, with methyl (-CH3) groups attached to every other 
carbon atom of the chain as shown in figure 2.17. 
M* = Initiator, anionic or cationic radical 
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M*+ CH2 =CH __.. M-CH2CH2 + CH2=CH __.. M-CH2CHCH2CH2 
I I I I I 
Figure 2.17 Polymerisation process of polypropylene [168] 
Thousands of propylene molecules can be added sequentially until the chain 
reaction is terminated. PP can be isotactic, syndiotactic or atactic, depending 
on the orientation of pendent methyl groups as shown below. 
/sotactic 
H 
I I I I 
C-C-C-C-C-C-C-C 
I I I I I I I I 
H H H H H H H H n 
The commercial production of isotactic polypropylene uses an insoluble 
catalyst, Ziegler-Natta. The Ziegler-Natta catalyst consists of titanium chloride 
supported on magnesium chloride. The large-scale production of 
polypropylene is usually carried out with the catalyst present in a slurry 
Syndiotactic 
H H H H 
I 
C-C-C-C-C-C-C-C 
H H H H H n 
A tactic 
H H H 
I I I 
C-C-C-C-C-C-C-C-C-C 
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containing about 10 percent solid in a liquid heptane. In the reactor 
appropriate amounts of catalyst slurry, additional liquid alkane, co catalyst, 
and external modifier are added. Then propylene is introduced to maintain a 
moderate pressure, 200-600 Pa at -335K for 5-8 hours. lsotactic 
polypropylene, which appears as a solid suspension, is removed from the 
reactor and centrifuged to remove any liquid alkane and small amount of 
atactic polypropylene. Residual catalyst materials are removed by treatment 
with methanol containing a low concentration of hydrogen chloride. Finally 
washing with pure methanol gives raw isotactic PP, which is blended with 
stabilising additives to improve ultraviolet stability and resistance to oxidation. 
PP is produced commercially in different forms, depending on the properties 
desired. PP homopolymer contains only propylene monomer in the polymer 
chain. Homopolymer provides stiffness and strength but exhibits low impact 
strength at low temperature. The primary application of homopolymer is in 
extrusion of fibres and filaments [168]. 
Polypropylene copolymers contain one or more different types of mono mer in 
the polymer chain. There are three types of polypropylene copolymer 
commonly used: (1) originally rubber, but now more typically ethylene-
propylene or ethylene-propylene-diene rubber blends used. (2) Random 
copolymers are produced by addition of a second monomer to polymerisation 
process. (3) Block copolymer are created by sequential polymerisation of 
ethene and propene. 
Mechanical properties of isotactic polypropylene are strongly dependent on its 
crystallinity. Increasing crystallinity increases stiffness, yield stress, and 
flexural strength but decreases impact strength [168]. 
2. 7.2. ACRYLONITRILE-BUTADIENE-STYRENE POLYMER 
This polymer is a two-phase material that consists of dispersed polybutadiene 
rubber particles and a matrix of styrene-acrylonitrile copolymer. The rubber 
particles are grafted with styrene and acrylonitrile to enhance their 
compatibility with the matrix. This two-phase structure combines the 
contributions of heat resistance, chemical resistance, and hardness from 
acrylonitrile, toughness from butadiene and strength, processibility, and 
'EM/ properties of electro/ess nickel coated mica in different polymer matrices' 51 
Chapter 2 Literature review 
rigidity from styrene-thus becoming one of the versatile engineering 
thermoplastics [168]. 
The properties and performances of ABS are effectively controlled by the 
major structure parameters, such as rubber particle size and distribution, 
cross link density of rubber particles, rubber level, molecular weight and 
distribution in the SAN matrix [168]. 
2. 7.2.1. Polymerisation process (emulsion) 
Emulsion polymerisation processes are still the most widely used processes in 
· the ABS industry. The advantages of emulsion processes are easy control of 
heat transfer, rubber cross-linking, rubber particle size, and graft morphology. 
The rubber level of grafted rubber can be varied widely from 10% to 80%. The 
polymerisation can be conducted batch wise, semi-continuously, or 
continuously. 
A typical emulsion process is shown in figure 2.18. lt involves five major steps: 
rubber polymerisation, graft polymerisation, polymer recovery, and 
compounding. Rubber particles in the range of 0.1-0.3 J.Lm are produced in the 
rubber polymerisation step. The rubber can be polybutadiene, butadiene-
styrene copolymer, or butadiene-acrylonitrile copolymer. The introduction of a 
small amount of co-monomer changes the rate of polymerisation and the final 
product opaqueness. The rubber particles from direct emulsion polymerisation 
may be too small and a bimodal particle size distribution may be desired for 
some applications. The grafted rubber solids are then recovered from the 
latex in a batch or continuous process consisting of coagulation, washing, 
filtration, and drying. Antioxidants are usually added before the coagulation 
process to prevent degradation and explosion. SAN latex from separate 
emulsion polymerisation can also be added to adjust the rubber level. The 
recovered rubber is compounded together with more SAN from suspension or 
bulk polymerisation processes and additives such as antioxidants, 
plasticizers, and colourants [168]. 
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Figure 2.18 Emulsion ABS polymerisation process [168] 
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CHAPTER 3 
EXPERIMENTAL 
3.1. GENERAL 
Experimental 
This thesis comprises two separate studies; first the optimisation of the 
electroless nickel coating on mica and the second is the development of 
conducting composites. The initial part of the work involved the optimisation of 
different factors controlling the electroless nickel coating of mica. Factors like 
effect of agitation, time, temperature, pH, concentration of the nickel solution, 
catalyst systems and different electroless nickel solution were studied. 
Systems with separate activator and sensitiser, and also with single solution 
containing both activator and sensitiser were examined. The latter was scaled 
up for further studies. After optimisation of coating, studies were made to 
develop conducting polymer composites with two different polymer matrices. 
The experimental methods and characterisation of the samples are described 
below: 
3.2. MATERIALS 
3.2.1. FILLER Mica TK 100C-100201, run number 595, phlogopite grade 
with layered profile supplied by Microfine Minerals Ltd., UK was used for all 
part of the investigation. The properties of mica are shown in table 3.1. 
Table 3.1 Properties of mica 
TYPICAL VALUES 
Mica grade TK 100C 
Density 2.50 g/cm" 
Average particle size 100)lm 
Average particle thickness 1)lm 
Refractive index 1.58 
Surface area 0.0613 m'/g 
Average aspect ratio 37: 1 
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The compositional details of the mica are Si02 = 40 - 42%, Al20 3 = 9 - 11 %, 
Fez03 = 9- 11%, MgO = 22-24%, KzO = 10- 11%. 
3.2.2. ELECTROLESS PLATING SOLUTIONS Lea Manufacturing 
(UK) and Macdermid (UK) supplied electroless plating solutions. Details of 
electroless solutions supplied are shown below: 
Lea Manufacturing (UK) 
a. Niklad 261 Sensitiser Dilute solution of stannous chloride with SnCI2 
content less than 25 w/v %. 
b. Niklad 262 Activator Dilute solution of palladium chloride. 
c. Ni klad 795 Dilute nickel solution with nickel sulphate content of about 
10-15 w/v%. 
MACDERMID (UK) 
a. Macuplex R Activator D-34C This is a highly active concentrated 
liquid catalyst system designed with both the sensitiser and the activator in 
a single system for pre-treatment of the specimens before electroless 
nickel or copper coating. 
b. ELNIC 204 This solution is a highly stable electroless nickel solution. 
The process is used to deposit an ultra bright, low-medium phosphorous 
content coating on a variety of substrates. The deposit contains 5-7% by 
weight phosphorous. This solution consists of two process components 
ELNIC 204 A and ELNIC 204 B. ELNIC 204 A is the nickel component and 
ELNIC 204 B is the reducer and complexing component. 
3.2.3. POLYMER Two polymers were used for this work, polypropylene 
(PP) and Acrylonitrile-butadiene-styrene (ABS). 
a. Polypropylene Escorene PP 7034 P1 is a heterophasic polypropylene 
copolymer supplied in the form of granules by Exxonmobil. The melt flow 
rate of this polymer matrix was 12g/1 Ominute at 230 °C and 2.16kg. 
b. Acrylonitrile-butadiene-styrene The ABS resin (Cycolac T ABS) was 
made by GE Plastics, UK. Its composition is 25% acrylonitrile, 20% 
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butadiene, 55% styrene with melt flow index of 26g/1 Ominute at 220 °C 
and 10kg load. 
3.3. CHARACTERISATION OF MICA 
3.3.1. DETERMINATION OF ASPECT RATIO BY TRANSMITTED 
LIGHT INTERFERENCE MICROSCOPE 
An outline of the optical system is shown in figure 3.1. Light from source S 
(initially considered monochromatic) is plane polarised by polariser P. On 
passing through the doubly refracting beam splitting prism R1 in the 45° 
position this light is divided into two rays polarised at right angles. The 
ordinary ray passes through the prism without change of direction but the 
extraordinary ray is displaced laterally. Both rays then pass through a half 
wave plate, which interchanges the planes of polarisation of the original o and 
e rays. One set of rays now passes through the specimen and the others by-
pass it through a reference region before both enter the recombination prism 
R2 that is identical to R1 in nature and orientation. Note that in this instrument 
beam shear takes place before the specimen. For a specimen of zero optical 
path difference (OPD) with respect to the reference region, recombination 
gives a plane-polarised beam with its plane of polarisation at right angles to 
the acceptance plane of the analyser A. Thus the image field of view remains 
dark. A non-zero value of specimen OPD (negative or positive) will lead to 
elliptically polarised light reaching the analyser. This will have a component, 
which will be passed by the analyser giving, in general, a bright image. Note 
however: 
• If monochromatic light is used a dark image field can indicate either zero 
difference or an OPD of an integral number of wavelengths. 
• In practice R1 is tiltable to enable a 'bias' OPD between reference field and 
the specimen to be introduced. This may be used to set the background to 
any chosen colour. Note that R1 does not affect the OPD. i.e., 
measurement of the OPD of the specimen is independent of the setting of 
R1. 
• The specimen must not overlap the reference area. Thus only small 
specimens, or the edges of specimens, can be examined. If, for example, 
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a large section is to be studied, it will first need to be cut into strips. 
If white light is used then the half wave plate is not effective for all 
wavelengths. Blue and red light pass through the system and give rise to a 
ghost image of the reference area. The Pluta system relies on image shearing 
behind the objective lens. Doubly refracting components are used to shear the 
image beam. A second prism in the objective, increasing the amount of image 
separation, may enhance the amount of shear. A slit in the front focal plane of 
the condenser unit controls coherence, and interference fringes of finite or 
infinite width may be selected by the appropriate choice of beam splitting 
prism. The system also includes a compensator allowing quantitative work 
-----+1[1rti6i99]. To start with two-beam interferometry, the optical microscope was set 
for three diagonal rings. Mica was placed on a glass slide along with a liquid 
arsenic compound with refractive index of 1.678 and placed over the platform 
of the condenser unit. Then quartz Senarmont compensator was inserted into 
the optical microscopy unit. The Senarmont unit was rotated in both clockwise 
and anticlockwise direction, till the background turned grey or black. The 
degree of rotation of the quartz crystal in both the directions was noted for the 
calculation of optical path difference. Print outs of the mica particles were 
taken using a TV camera. Photographs of mica particles were placed over 
diameter measuring unit to obtain the values of channel numbers. 
3.3.2. MEASUREMENT OF EFFECTIVE DIAMETER OF THE 
PARTICLE 
A Carl Zeiss optical instrument was used to measure the diameter of the 
particles. After measuring the thickness of mica by interferometry, photos of 
the mica particles as shown in figure 3.2 were placed over the platform of the 
Cart Zeiss with a special bulb attachment to measure the particle diameter. 
Light rays were passed through the photos and size of the light spot adjusted 
until it corresponded to the diameter of the mica particles as shown in figure 
3.2. The channel number reading was recorded with respect to the diameter 
of the mica particle. Mean values of the diameter were taken for accurate 
results. 
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Figure 3.1 Transmitted light interference microscope [169] 
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Figure 3.2 Photographs of mica particles 
3.3.3. STUDIES ON MORPHOLOGY OF MICA 
3.3.3.1. Scanning electron microscopy {SEM) 
Experimental 
A monoenergetic beam of electrons is generated from a heated tungsten 
filament. This beam is accelerated with a potential difference between the 
filament and an anode {and the specimen) at earth potential. The beam 
passes through a hole in the anode and is focused on to the specimen using 
an electromagnetic lens system. As soon as the electron beam impinges on 
the specimen surface, a number of interactions occur which can be used to 
generate information. Various detectors are arranged in the specimen 
chamber for the measurement of the several signals, which are characteristic 
of the region of the specimen under bombardment. The electron beam can be 
moved over the specimen surface using a variable magnetic field provided by 
a current-carrying ' Scan-coil'. When the beam moves to a different site the 
characteristic signal measured by any of the detectors may change, and this 
is exploited to form' image contrast'. In the SEM the electron beam is made to 
move across the specimen surface in a regular TV-Iike raster, tracing out a 
rectangle line-by-line under the command of the scan coils, which are fed by a 
'scan generator'. The signal change is continuously measured using 
detectors. This phenomenon is in correspondence with the characteristics of 
the surface probed by the electron beam. The amplified signal is used to 
control the brightness of the spot on a cathode ray tube {CRT) and the same 
scan generator that controls the beam position controls the CRT scan. 
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Phenomena that occur at the surface under electron impact in scanning 
microscopy are the emission of secondary electrons with energies of a few 
tens of eV and re-emission or reflection of high energy back scattered 
electrons from the primary beam. The emitted electron current is collected and 
amplified. The magnification produced by a scanning microscope is the ratio 
between the dimensions of the final image display and the field scanned on 
the specimen. In the electron probe micro analyser, the primary signal of 
interest is the characteristic x-rays which are emitted as a result of the 
electron bombardment. This yields compositional information of a qualitative 
nature [170]. 
Scanning electron microscopy was used for morphological studies on mica 
particles. Before the analysis of mica with SEM, mica particles were coated 
with gold. During this study, compositions of mica were obtained using X-ray 
analysis. In order to study the uniformity of nickel coating on the surface of 
mica, cross sectional views of nickel-coated mica were investigated. 
For better resolution coated mica particles were investigated by using a Leo 
1530 VP field emission gun scanning electron microscopy. A field-emission 
cathode in the electron gun of a scanning electron microscope provides 
narrower probing beams at low as well as high electron energy, resulting in 
both improved spatial resolution and minimized sample charging and damage. 
Resolution of 1.5nm at 15kV is guaranteed at 12mm working distance. The 
electron microscopy offers excellent low kV performance with resolution of 
2.5nm at 2 kV, at a working distance of 3mm. 
3.3.3.2. Optical microscopy 
Although SEM was able to produce clear images of the polished sections at 
high magnification, experiments were done to investigate the cross sectional 
view of nickel coated mica. The equipment used for this purpose was an 
Olympus BHM optical microscope. A TV monitor fed with a signal from a JVC 
TK 1281 video camera connected to the microscope aided the examination of 
images. The magnification applied to the images by the microscopic lens and 
the video camera was determined by the use of a measurement grating, 
viewed and photographed under identical setting. Image printing was 
performed on a Mitsubishi video copy processor. 
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3.4. CHEMISTRY OF ELECTROLESS COATING PROCESS 
The three steps were sensitisation, activation and electroless coating. 
STEP 1. SENSITISA TION A known amount of mica was stirred for 30 
minutes with a diluted stannous chloride solution. Stannous chloride treated 
mica was rinsed with deionised water. Treatment with stannous chloride 
sensitises the surface of mica with Sn 2+. 
STEP 2. ACTIVATION Sensitised mica particles were treated with a 2% 
dilute solution of palladium chloride. The treated catalytic mica was dried in an 
air-circulating oven at 90-100 °C for a period of two hours. This activation step 
helps in the reduction of Pd2+ to Pd as shown in the equation. Palladium on 
the surface of mica is the catalytic site for electroless nickel coating. 
Sn 2+ + Pd 2+ Pd 0 + Sn 4+ 
STEP 3. NICKEL COATING Pre-treated mica was then treated with 
different concentrations of nickel solutions based on the weight percent of 
nickel required. The coating was carried out between 50 to 90°C, with pH 
ranging between 4 to 6. The pH of the solution was monitored by diluted 
ammonia solution. The onset of the process was indicated by the appearance 
of hydrogen bubbles as shown below and in figure 3.3. 
A number of different commercially available coating systems were used in 
the course of the work. They are summarised as follows: 
a) Niklad 261 (dilute tin chloride) and Niklad 262 (dilute palladium 
chloride) were separate sensitising and activating agents supplied by 
Lea, UK. 
b) Niklad 795 was a dilute electroless solution. 
c) Macuplex D-34C supplied by MacDermid, UK is a catalyst colloidal 
solution containing both activating and sensitising agents. 
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a) Reaction at 5rf1C b) Reaction at 6rf1 C 
H 2gas 
c) Reaction at BEf C 
Figure 3.3 Evolution of hydrogen gas during the coating process 
3.5. PRE-TREATMENT OF MICA 
3.5. 1. TWO PACK CATALYST SYSTEM 
For sensitising and activating the mica, the substrates were initially treated 
with a 10% solution of Niklad 261 and 2% diluted solution of Niklad 262 
respectively. The details of the reaction conditions are as shown in table 3.2. 
These activated mica particles were dried in an air-circulating oven for one 
hour at 1 00°C. 
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3.5.2. ONE PACK CATALYST SYSTEM (MACUPLEX) 
0.6 ml of the concentrated solution of Macuplex was diluted with 74.4 ml of 
deionised water and 25ml of 36% water white grade (free from sulphur and 
iron.) hydrochloric acid. Mica particles were treated with diluted Macuplex 
solution for a period of 15 minutes as shown in figure 3.4 and dried in an air-
circulating oven at 90-100 °C for a period of two hours. 
Mt<. IQ 
Figure 3.4 Treatment of mica particles with diluted one pack system 
Table 3.2 Comparison of pre-treatment between two systems 
Operating Time of 
Supplier Solution Function temperature reaction 
' 
(oC) (Minutes) 
Lea, UK Niklad 261 Sensitisation 30 30 
Niklad 262 Activation 30 30 
MacDermid, Macuplex D- Sensitisati on 30 15 
UK 34C and activation 
The treated mica particles with both the systems were analysed by the LIMA 
technique to confirm the presence of catalyst sites on the surface of mica for 
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electroless coating. The stability of the baths and the presence of different 
agents were also studied by FTIR and LIMA techniques. 
3.5.3. ELECTROLESS COATING PROCESS WITH TWO PACK 
CATALYST SYSTEM 
Mica particles were treated with diluted Niklad 261 and 262 solutions and 
dried in an air-circulating oven at 90-100°C for a period of two hours and then 
treated with nickel sulphate solution, Niklad 795. The various factors like effect 
of catalyst concentration, pH of the solution, temperature of coating were 
investigated. 
3.5.4. ELECTROLESS COATING PROCESS WITH MACUPLEX 
AND ELNIC SOLUTION 
Mica particles were treated with Macuplex solution for a period of 15 minutes 
and dried in an air-circulating oven. These catalysed powders were treated 
with the dilute electroless nickel solutions (ELNIC A & ELNIC B in the ratio of 
1 :3). Comparison of the electroless coating process using solutions from the 
two different suppliers are shown in table 3.3 and the photographs of two 
electroless solutions are shown in figure 3.5. 
Table 3.3 Comparison of electroless plating between two systems 
Operating Time of p (%} Buffer Supplier Sol. temperature reaction pH 
(°Cl (min.) solution 
Lea, UK Niklad 88-90 60 5 10-14 Dilute 795 ammonia 
solution 
MacDermid, ELNIC 88-90 30 5 5-7 Self UK A&B 
The electrical conductivity of the electroless nickel coating very much depends 
on the percentage of the alloying phosphorous in the system. The lower the 
phosphorous content the better the conductivity of the coating [142]. A lower 
phosphorous content was observed when the reaction was carried out with 
ELNIC solution. lt was observed that ELNIC solution was very stable with no 
deposits. Niklad solution was found to be turbid and also some sediment was 
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observed. The compositions of these sediments were analysed by LIMA and 
FTIR techniques. 
Niklad ELNIC 
Sediment in 
Niklad 
Niklad ELNIC 
Turbid Niklad 
solution 
Figure 3.5 Different electroless solutions 
3.6. CHARACTERISATION OF PRE-TREATED MICA 
3.6.1. LASER INDUCED MICROPROBE MASS SPECTROMETRY 
LIMA-2A as shown in 3.6.a. , 3.6.b., & 3.5.c is a laser ionisation mass 
analyser, which can analyse samples both in reflection and transmission 
under ultra-high vacuum conditions. lt was the world's first commercially 
available instrument of this type. Although LIMA-2A is an advanced analytical 
tool, it is extremely simple to operate and the spectral data are easy to 
interpret. Samples are loaded into the main chamber through sample 
introduction chambers, which are separately evacuated with turbomolecular 
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pumps. The main chamber therefore need never be exposed to atmospheric 
pressure or contaminants. An ion and turbomolecular pump maintains UHV 
conditions in the analytical chamber and the time-of-flight spectrometer. The 
general area of analysis can be located through the optical viewing system 
using either a low magnification general survey lens or the high magnification 
objective lens. In either case the precise analysis point is indicated by the 
He:Ne spotting laser. The laser then produces an intense pulse of light that is 
transmitted through the optical system and focussed onto the site selected for 
analysis. The pulse of energy evaporates and ionises a microvolume of the 
sample. The resultant positive or negative ions are accelerated and focussed 
into the time-of-flight mass analyser. The packet of ions then travels along the 
drift tube and is separated according to the mass of each ion. The ions then 
enter a reflectron to ensure better mass resolution . They are sequentially 
detected by an electron multiplier and recorded with a transient recorder. The 
total time for spectral acquisition is less than 100 microseconds. This process 
is both very fast and very economical in terms of the amount of sample 
required . Both elemental and molecular cluster ions are produced, giving a 
chemical fingerprint of the species present in the analysis area. The major 
advantages of this method are that it detects all elements. The detection limits 
range between 10-100ppm. In our case the samples were placed on a glass 
slide and loaded inside the evacuated chamber and analysed . 
hv • M+-
••• • •• 
••••••• 
••••••• 
Figure 3. 6.a. Evaporation of ions by laser pulse 
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Figure 3.6.b. Emission and recording of charged particles by LIMA 
Figure 3.6.c. LIMA instrument 
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3.6.2. INDUCT/VEL Y COUPLED PLASMA EMISSION (ICP) 
The exact percentage of nickel and phosphorous on the surface of mica was 
determined by the ICP technique. 
Theory The emission source for the ATOMSCAN 25 spectrometer is 
inductively coupled argon plasma (ICAP). A 2 kW crystal controlled radio 
frequency (RF) generator operating at 27.12MHz powers the ICAP source. 
The output from the RF generator is coupled to a water-cooled copper 
induction coil that is wrapped around the outside of a quartz torch assembly. 
The largest flow of argon (the coolant flow) passes between the outer and 
intermediate tubes of the torch. Smaller gas flows pass between the 
intermediate tube (auxiliary flow), and through the centre tube (sample flow). 
Plasma ignition to produce the gas stream is seeded with electrons from an 
external source, in this case a spark. These electrons are accelerated in a 
torroidal path by the RF electromagnetic field, and they collide with argon 
atoms to form more electrons and argon ions, which are in turn accelerated. 
This process continues until the gas becomes highly ionised (a plasma), at 
which point the discharge is stable and self-sustaining as long as the field is 
applied. The temperature within this torroidal plasma is as high as 10,000 K. 
Liquid samples are introduced into the plasma discharge as an aerosol 
suspended in argon gas. This sample aerosol is carried through the centre 
tube of the three quartz tubes that comprise the torch assembly, as shown in 
figure 3.7. The sample aerosol stream passes through the centre of the 
torroidal plasma discharge, where it is desolvated, atomised, and the resultant 
elements are excited. After excitation, the atoms that comprised the sample 
emit light at their characteristic wavelengths. This light is transmitted to the 
optical system. 
Experimental procedure A known quantity of nickel-coated mica was 
weighed into a 100 ml conical flask. 50 ml of pure deionised water was then 
added to the flask, followed by 2 ml of concentrated hydrochloric acid and 1 
ml of concentrated nitric acid. The mixture was then stirred and boiled until the 
volume of the initial solution reduced to approximately 20 ml. This solution 
was then allowed to cool to room temperature and further treated with aqua 
'EM/ properties of e/ectroless nickel coated mica in different polymer matrices' 68 
Chapter3 Experimental 
regia and boiled till the volume reduced to 10 ml. Such type of digestion was 
done thrice. Then the final cooled mixture was filtered through Whatman no 1 
filter paper and the filtrate was collected in 50ml-graduated flask. This solution 
was then made up to 50ml with pure water (Stock solution). 
For phosphorus analysis, 1 ml of this stock solution was diluted to 100 ml 
using deionised water and for nickel analysis, 1 ml of the stock solution was 
made upto 1000 ml. These solutions were then purged into the columns of 
I CAP ATOMS CAN 25unit for the percentage analysis 
With these techniques, a comparative study of the different solutions shown in 
figure 3.5 was investigated. Also the compositional details of the sediments 
observed in Niklad solution were studied. 
Detector Exit slit 
Motor driven grating 
ICPsource Entrance slit 
Figure 3. 7 Optical system of monochromator [172] 
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3.6.3. MEASUREMENT OF VOLUME RESISTIVITY 
To measure volume resistivity of various nickel coated mica powders, pellets 
of known thickness were made in a special die. The powder was placed in the 
die and pressed at 10 tons for 10 minutes. These pressed specimens if 
diameter 1.3 cm and thickness ranging from 0.8mm to 1.6mm thickness were 
mounted between two electrodes as shown in figure 3.8 and the values of the 
resistance were measured with a standard multimeter, Becman Industrial 
TECH 310. The values of resistance were substituted in the formula as in 
equation 3.1 for the value of volume resistivity. 
Sample 
Voltage source Ammeter 
Guarded electrode Ring 
Sample 
! • 
Figure 3.8 Volume resistivity of samples 
p=AR/T {ohmcm) 
A= Cross sectional area (cm 2) 
R =Resistance (ohm) 
T =Thickness of the sample (cm) 
p =Volume resistivity {ohm cm) 
h (3.1) 
T 
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3.6.4. X-RAY DIFFRACTION 
3.6.4.1. Fundamentals 
Experimental 
X-ray diffraction has been routinely used for identification of polycrystalline 
materials since 1938 when the work of Hanawalt, Rinn and Frevel was 
published [173]. The outstanding contribution of their scheme was a 
compilation of tested data on 1000 chemical compounds to form the basis of a 
reference pattern diffraction file. Over the last fifty year this diffraction file has 
been regularly enlarged and revised by the American Society for Testing and 
Materials (ASTM), and is now known as the powder diffraction file and 
presently contains over 21 ,500 numeric patterns of crystalline materials in the 
format of reference cards. Some of the most important applications of x-ray 
diffraction are identification and quantitative analysis of elements, compounds 
and mixtures. 
The x-rays of importance in diffraction studies are generated when high-
energy electrons impinge on a metal target, such as iron, copper or 
molybdenum. At a sufficiently high x-ray tube voltage an x-ray beam is 
produced. A divergent x-ray beam impinges on a sample, which is carefully 
mounted on a sample mount assembly. The sample surface is adjusted to be 
parallel to the mount bed. When the Bragg conditions are satisfied reflections 
from the crystalline component in the sample are produced and the x-ray 
beam then passes into counter to be recorded. Since the diffraction is 
collected only when the lattice planes are parallel to the sample surface, the 
counter must be mounted on the circular track, which is located in 
synchronisation with the sample. This condition requires the counter axis to be 
always directed towards the sample and rotated through twice the angle 
through which the sample moves. Bragg's law states that 
I nA = 2d hkl sin 9 hkl __ .,..., (3.2) 
Where d is interplaner spacing for (hkl) planes, 29 is the angle of deviation of 
the diffracted rays from the incident x-rays, and A is the x ray wavelength 
(nm). Since A is known i.e., using copper as x-ray source A hkl is 0.1542 nm 
and 29 hkl can be read directly from the counter setting, hence d can be 
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determined. The sample and the counter are in practise rotated very slowly at 
a constant rate using a common motor and appropriate gearing. The counter 
has a very fast response and gives a signal proportional to the x-ray intensity. 
The signal is amplified and displayed on a meter, and is normally fed to 
computer to produce a continuous trace of intensity versus degree 29. The 
peak positions can be determined quite accurately. The basic layout of a 
diffractometer is shown in figure 3.9. 
Kumar et al. [173] studied extensively the effect of phosphorous content on 
the relative proportions of crystalline and amorphous phases in electroless 
NiP deposits. Cortijo et al. [174] made a comparative study of the 
microstructure of electroless NiP thin film grown from and alkaline metallizing 
bath with different pH values. X-ray diffraction analysis was performed by 
Abrantus et al. [175] to elucidate the crystalline and amorphous like phases 
induced by the phosphorous content. 
X-ray source 
Receiving slit 
Divergence 
Specimen 
Figure 3.9 XRD technique [176] 
3.6.4.2. Analytical procedure 
Samples were individually scanned using a Philips type PW 1050 
diffractometer with a graphite monochrometer to remove the Kp radiation. X-
rays were produced from an x-ray tube with a copper target (A. = 0.1542 nm) 
run at 40kV and 30mA from a Hilton Brooks power supply model DG3. Data 
'EM/ properties of electroless nickel coated mica in different polymer matrices' 72 
Chapter3 Experimental 
was collected by computer using a single programme provided by Hilton 
Brooks. 
3.6.5. PARTICLE SIZE OF MICA AND NICKLE COATED MICA 
The particle size and particle size distribution were measured by a laser 
scattering technique, using a Malvern Master sizer at Microfine Minerals, 
Derby, UK. 
3.6.6. BULK DENSITY OF FILLER PARTICLES 
The weight per unit volume of a material, including voids inherent in the 
material is apparent density. The measurement was performed as per ASTM 
D 1895-96 (Test A) with the apparatus assembled as in figure 3.1 0; the small 
end of the funnel with filler was closed with a suitable flat strip. 
Funnel 
Nickel coated mica 
Flat strip 
Measuring cylinder 
Figure 3.10 Apparatus for bulk density 
The bottom of the funnel was opened quickly and the material was allowed to 
flow freely into the cylinder of known volume. After all material passed through 
the funnel, excess material on the top of the cylinder was scraped off with a 
straightedge without shaking the cylinder. The weight in gram (gm) of material 
was found out to the nearest 0.1 g. The density d calculated with the formula 
shown below: 
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Density= Wt (g) of the material I Volume of the cylinder ---~3.3) 
3.7. COMPOUNDING OF POLYMER COMPOSITE 
3 . 7. 1. OPT/M/SAT/ON OF PROCESSING CONDITIONS 
Before compounding and developing conducting polymer composites, 
optimisation of the compounding and processing conditions were investigated. 
Polymer resins and fillers were dried for 2 hours in an air-circulating oven at 
1 00°C for two hours. These fillers were tumble blended with the resins and 
compounded using a Haake internal mixer. The total mass of the compound 
used was 50 g corresponding to the fill factor of 60% by volume. 
40 wt percentage of mica was loaded in the polymer matrix. During 
compounding the following conditions were used: rotor speed 50 & 70 rpm, 
mixing time 5 and 10 minutes and temperature 190, 210 and 230°C. After 
optimising the processing conditions, polypropylene and nickel coated mica 
was dried for two hours in an oven at 1 00°C. These dried compounds were 
tumble blended and compounded using the Haake internal mixer as shown in 
figure 3.11 . 
Figure 3.11 Haake mixing system 
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3.8. COMPOUNDING WITH TWO ROLL MILL 
PP, ABS and nickel coated mica were dried for two hours in an oven at 
1 00°C. The materials were mixed, compounded and homogenised in a two-
roll mill (Lescuyer Blere, Type A80, France), as shown in figure 3.1 2. 
Compounding with a two-roll mill was studied to make a comparative study of 
the volume resistivity with two different processing techniques. The 
compounding conditions for the two-roll mill are shown in table 3.4. 
Figure 3. 12 Two-roll mill 
Table 3.4 Processing conditions in two roll mill 
Processing conditions in two roll mill 
Polymer Front roll Back roll Friction Roll Speed 
temp. (°C) temp. (°C) ratio (rev./min.) 
p p 170 165 0.9 10 
ABS 180 175 0.9 10 
3.9. PROCESSING 
The compound from the Haake mixer and two roll mill were compression 
moulded in a Moore Max hydraulic press (UK), 4" diameter ram, to prepare a 
50 X 50X1 mm 3 test coupon. 
Before processing the nickel coated mica and polymer resins, optimisation of 
the processing conditions was studied. The conditions are as shown in table 
3.5. 
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Table 3.5 Moulding condition for optimising processing conditions 
Polymer Polypropylene 
Filler Mica 
Upper platen temperature (0C} 190 210 230 
Lower platen temperature ("C) 190 210 230 
Pre-heating time (minutes) 5 5 5 
Pre-heating pressure (MPa) 0.5 0.5 0.5 
Moulding time (minutes) 5 5 5 
Moulding pressure (MPa) 5 1 10 1 20 5 11o 1 20 5 11o 1 20 
After optimising the processing conditions, conducting polymer samples were 
fabricated as per conditions shown in table 3.6 and 3.7. Also the effect of 
pressure and thickness on conductivity of the samples was investigated. 
Table 3.6 Compounding conditions in batch mixer 
Polymer Rpm of the screw Mixing time (min.) Temperature (uC) 
pp 50 10 210 
Table 3.7 Optimised moulding condition for developing conducting polymer 
composites 
Filler Nickel coated mica 
Polymer pp ABS 
Upper platen temperature (uC) 230 220 
Lower platen temperature ("C) 230 220 
Pre-heating time (minutes) 5 5 
Pre-heating pressure (MPa) 0.5 0.5 
Moulding time (minutes) 5 5 
Moulding pressure (MPa) 5 1 10 120 1 5 11o 120 1 5 110 1 20 
3.10. PROPERTIES AND CHARACTERISATION 
3.10.1. FTIR 
Infra red spectroscopy is a powerful characterisation technique that is used 
extensively in the field of polymers. lt is based on the absorption of radiation 
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by molecular groups when they undergo transitions between quantum states 
corresponding to two different internal engines. The molecular excitation 
resulting from infrared radiation, typically in the wavelength range of 2.5-50 
microns, takes the form of deformation (stretching, bending) and vibration of 
bonds. Infrared (IR) spectroscopy is a technique that gives intimate structural 
details of the molecules under examination. The IR is absorbed causing the 
changes in the vibration state of the molecule, for example the bending and 
stretching of the molecular bonds. Consequently, the interpretation of the 
spectrum shows the presence of chemical groupings in the molecules, 
information about the environment of each grouping and structure of the 
molecule. FTIR has had particularly wide application in the field of polymer 
analysis, not only because of the ability to look at thick, intensely absorbing 
materials, but also because of the ability to observe chemical and physical 
changes in the polymer structure. 
Fundamentals 
The emission of an approximately continuous spectrum is produced from a 
high intensity mercury lamp or heated wire as the light source. The beam of IR 
radiation passes into an interferometer, which is at the core of the 
spectrometer. The essential components of the interferometer consist of two 
mirrors, one fixed and the other moveable. The beam splitter is set at an angle 
of 45° to the path of the collimated beam. The incoming light is divided at the 
beam splitter and reflected from the two mirrors. Upon recombination at the 
beam splitter, constructive and destructive occurs. These effects depend on 
the path-length difference of the light and its wavelength. The beam then 
passes through the sample and the detector collects it. If the locations of the 
mirrors are precisely equivalent to the distance from the beam splitter or if the 
optical path difference is an integral number of wavelengths, the reflected 
beams are in the phase and so constructive interference is produced. 
Conversely, when the optical path difference is a fraction of a wavelength, 
destructive will occur. The movement of the moveable mirror creates relative 
phase displacement resulting in an oscillatory interferogram. The 
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interferogram is represented in the form of the spectral distribution and 
displayed as an absorption signal to the detector [177]. 
Analysing polymer film for degradation 
Filled polymer samples after melt mixing were firmly secured in the specimen 
clamp that can be relocated on the plate laterally to ensure full use of the 
cutting edge of the knife. Knife holder A was used for this purpose. After 
clamping, the samples were micotomed by a Universal Heavy duty microtome 
(Eine Gesellschaft der Cambridge instruments, Nussloch) to a thickness value 
of 5-10 micron. The FTIR machine was initialised with no sample in, to take 
account of the air to provide a background reading. The microtomed samples 
were mounted in the sample compartment and scanned from 4000 to 400cm·1 
at 4.00cm·1 resolutions and a speed of 0.6cm·1s"1• This study was carried out 
on a Unicam, model Mattson 3000 FTIR spectrometer. 
Analysing sediments in the Niklad solution 
The salt samples were mixed with KBr in the ratio of 1 :3 and powdered to 
produce very fine particles. These particles were pressed in a die at 10 tons 
for 10 minutes to make a transparent pellet and subjected to IR analysis with 
a background reading and scanned from 4000 to 400cm·1 at 4.00cm·1 
resolution and a speed of 0.6cm·1 s·1• 
3.10.2. SCANNING ELECTRON MICRSCOPY 
The morphology of the conducting polymer samples was investigated by 
scanning electron microscopy. As polymer is an electrical insulator the 
samples were mounted on individual aluminium stubs and sputtered with a 
conductive coating layer such as gold. The specimen details were viewed on 
a video screen using a Cambridge Stereoscan 360 SEM instrument at 10 kV. 
Several magnifications were used for this study. 
3.10.3. TENSILE PROPERTY DETERMINA T/ON 
The tensile properties were determined according to BS 903: Part A: 1971 
using a Lloyd Tensile testing machine, type L200R (J.J.Lioyd Instruments 
limited) fitted with a 500N load cell. The width and thickness of samples of 
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specified shape, typically a dumbbell were measured using a micrometer. The 
ends were clamped and pulled at constant grip separation speed of 10mm I 
minute at room temperature. The average of five results was reported. The 
small change in length during the test was detected by a clip-on extenso meter 
connected to the tensile testing machine and attached to the specimen. The 
length of the centre section is called the initial gauge length, Lo. The grips of 
the extensometer are connected to an induction coil, which moves with the 
specimen during the test, and feeds an electrical signal to a computer, which 
displays the signal as an extension of the specimen. The force F applied to 
specimen was measured at the fixed end as a function of elongation. Since 
the specimen dimensions are constantly changing, the stress (a) can easily 
to computed from the ratio of the applied force to the original area of 
specimen (Ao) which is given by 
= FIAo __ _.. .  (3.4) 
The strain ( s) was measured by the change in the length per unit length. If Lo 
is the original length and L is the length of interest during the test, the strain is 
expressed by the following equation 
s = (L-Lo)llo = !1L/L 
--·· (3.5) 
The initial stress relation in polymers is approximately linear and can be 
described in terms of Hooke's law. Young's modulus, typically defined as the 
slope of the stress-strain plot and as in equation 3.6. 
E = 11 a I 11 s _ ___, • ._ (3.6) 
Where 11 a is the difference in stress between two points on the straight line 
and 11 s is the difference in strain between the same points. 
Using a Dapmat software programme, the maximum load, extension, tensile 
strength was automatically calculated and recorded. This programme can 
convert extension to strain automatically. 
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3.10.4. FLEXURAL PROPERTY DETERMINATION 
Flexural testing of plastics is the most commonly used standard test for small 
defections during bending of a rectangular beam supported at the mid-point. 
Normally the span-depth ratio should be about 16:1. This test can be carried 
out with the same tensile testing apparatus but with a different type of grips 
(figure 3.13). 
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Figure 3.13 Flexural test in tensile machine 
The flexural stress (o-F) is given by in equation 3.7. 
= ---.~ (3.7) 
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where Fm is the force at the mid-point and b1, h1 and L are the specimen 
dimensions as shown in figure 3.13. The flexural modulus (E F) is given in 3.8. 
--·h (3.8) 
Where t5 is the central deflection and Fm I t5 is slope of the initial linear force-
deflection curve. 
Flexural testing was carried out, according to the standard ISO 178 with a test 
speed of 1 Omm I minute. The same J.J.Lioyd tensile test machine was used 
as for the tensile tests with the same load cell but different grips. The Dapmat 
computer programme software calculated all flexural properties automatically. 
The average of five samples per formulations was reported. The initial linear 
portion of load against extension curve was used for calculating the flexural 
modulus. 
3.10.5. DIFFERENTIAL SCANNING CALORIMETRY 
This technique involves the measurement of heat flow to or from a sample 
chamber compared with that to a reference chamber as a function of time. 
The temperature inside the furnace was controlled by a temperature 
programmer (figure 3.14). Practically all-physical and chemical processes 
result in enthalpy changes, which can be detected by DSC. A DSC 
measurement is a quantitative process and gives the rate of change of 
enthalpy. 
Analytical procedure 
Samples were heated from 40°C to 200°C with heating rate of 10°C I minute 
using a Dupont thermal analyser Model 2000 fitted with a DSC cell. Data 
concerning enthalpy of fusion extracted from the curve. 
For the determination of crystallinity properties of formulated polymer 
compounds, a specimen was cut from the centre of the compression-moulded 
sample. The specimen, of, accurately known weight, was placed in the DSC 
cell and heated with a heating rate of from 40°C to 200°C. The sample was 
held isothermally at the upper temperature for 2 minutes before cooling to 
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40°C with a cooling rate of 10°C I minute. The melting temperature (Tm) , 
recrystallisation temperature(Tc) , onset of melting temperature (Tm}, onset of 
recrystallisaton, heat of fusion and heat of recrystallisation were obtained from 
the thermograms for all samples. 
Fe = (~ H m I ~H me) (11 polymer content) (100) --. (3.9) 
Lid 
lllllllllllllll ~ 
Sample Reference 
Temperature sensor 
Figure 3.14 DSC apparatus 
Controller & 
programmer 
Computer 
Recorder 
where ~ Hm is the enthalpy of fusion of semi-crystalline polymer, ~ Hmc is the 
enthalpy of fusion of pure polymer and F c is the degree of crystallinity. 
In the case of ASS-filled composites, the samples were heated and cooled 
twice at a rate of 10°C I minute and held for 2 minutes during heating and 
cooling stages. 
3.10.6. HOT STAGE MICROSCOPY 
Spherulites are spherical birefringent entities, which have been observed in 
many crystalline polymers. The most satisfactory approach to understanding 
the crystallization process is to study these steps separately in the 
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polarising microscope. If a thin polymer film, crystallising under controlled 
conditions is observed under a microscope using crossed polars, nucleation 
and growth of spherulites can be observed. 
A hot stage microscope fitted with a Mettler hot stage is used in this 
experiment to measure spherulite nucleation of thin film of 3-5 J.lm 
polypropylene loaded with nickel-coated mica. The melting, crystallisation 
behaviour, morphologies and behaviour during the heating and cooling stage 
of these PP films were investigated by hot-stage microscopy. The 
experimental set up is as shown in figure 3.15. 
Digital camera 
Thermocouple 
Microscope 
Heating system 
Sample 
Figure 3.15 Hot-stage microscopy apparatus 
Thin PP films (3-5 f.J m) of the samples were made by compression moulding. 
These films were placed on a glass slide and covered with a cover slip. 
Samples were placed on the heating block and heating was continued up to 
200°C at a rate of 10°C/minute and then cooled to 40°C at the rate of 
1 0°C/min. The sample was held at the upper temperature for 2 minutes before 
cooling. A microscope using crossed polars observed the structural changes 
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during heating and cooling stages. The examination of images was aided by a 
TV monitor fed with a signal from a JVC TK 1281 video camera connected to 
the microscope as shown in figure 3.14. 
3.10.7. VOLUME RESISTIVITY OF CONDUCTING POLYMER 
COMPOSITES 
Volume resistivity is the volume resistance reduced to a theoretical cube with 
unit side. lt is the quotient of the nominal voltage gradient and current density, 
although the true voltage gradient may differ from the nominal value because 
of contact effects. This value depends on a large number of factors including 
the magnitude of the applied voltage, the time of application of the voltage, the 
nature and geometry of the electrodes, the temperature and humidity of the 
atmosphere and the moisture content of the test piece. 
The surface of the sample was rubbed carefully with fine-grade emery paper 
to remove the resin-rich top insulating layer [96] and display the filler area 
beneath. The main problem in accurate measurement of a high resistivity is 
the presence of contact resistance between the measurement electrodes and 
the specimen [96]. The specimen was, therefore, coated with aluminium to 
eliminate this contact resistance and placed between the electrodes. Any 
leakage current from the specimen was collected by the guard electrode and 
eliminated from the measured current. All the wiring was shielded to reduce 
noise. 
The compound from the Haake mixer was press moulded to prepare 50 X 50 
X 1 mm3 test coupons to test the volume resistivity. The resistivity was 
measured by a super-Megohmmeter type electrometer (Model RM 170). The 
electrical input was provided by means of DC power supply source. When the 
applied voltage is a very small there is no current through the sample. As 
voltage increases there is a point (described as the break-through voltage of 
the sample) at which there is apparent current through the sample. One 
hundred volts, which was well above the breakthrough voltage of all samples 
in this study, was used for the measurement of volume resistivity. The test 
potential was applied via the 'charging' position of the instrument switch for 
atleast 10% of the specified electrification time. The switch was moved to the 
'read' position, the test potential was applied to the samples for 1 minute 
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[178], and the resistance recorded. These resistance values were used to 
calculate volume resistivity from equation 3.1. Reported values are the 
average values of the resistivity (ohm-cm) obtained from five measurements 
on each composites. For the thinner samples mentioned earlier, it was 
necessary to reduce the applied voltage to 10V; at higher voltages the current 
was too high to be measured with the equipment used. 
3.10.8. ASH DETERMINATION 
Method 
The determination of ash according to British Standard BS 2782:Part 4: 
Method 454 A was used for analysing the weight percent of filler and coating 
in each compound. All samples, including coating agents, uncoated fillers and 
unfilled I filled polymers, were burned in a furnace until the weight of their ash 
was constant. 
Analysis procedure 
The ashing determination technique was used to determine the filler and 
coating content of each compound. After compounding, the compound 
granules were dried overnight in an air circulation oven at 60°C. 
Approximately 2 grams of each sample was exactly weighed (accuracy of 
+0.001g) into each silica crucible and ashed in a furnace set at 850°C for 3 
hours. After removing from the oven, the crucible with sample was placed in a 
desiccator for at least 1 hour to cool and then re-weighed. These operations 
were repeated until a constant mass was obtained, that is, until two 
successive weights did not differ by more than 0.005g. Two determinations 
were carried out on each sample with an average value recorded. 
%ash= (Wt. of sample after ashing I Wt. of sample before ashing)(100)~ (3.10) 
The weight of ash in crucible was recorded. To determine the amount of 
inorganic residue remaining unfilled and filled polymer, uncoated and coated 
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fillers were ashed. Percentage ash is calculated from the formula shown in 
equation 3.9. 
3.10.9. ELECTROMAGNETIC SHIELDING EFFICIENCY 
The electromagnetic shielding efficiency of the polymer composites was 
carried out at QinetiQ Ltd., Farnborough. 
Two basic techniques can be used to measure the shielding effectiveness of 
materials, the transmission line and the dual chamber technique. A review of 
dielectric test methods is presently by Jan [179). The test methods used in the 
current work are potentially covering a wide frequency range: 10-5 to 1011 Hz. 
Thus, it is not surprising that a number of distinct test methods are involved. 
For frequencies below approximately 108 Hz, or when the test sample 
dimensions are small compared to the wavelength (N2rr), the test samples 
are treated as lumped circuit components (a parallel resistor-capacitor circuit 
for non-magnetic materials). For frequencies above 108 Hz, or when the 
sample dimensions are compared to or larger than wavelength (N2rr), the test 
samples are treated as distributed parameter systems since the 
electromagnetic field variation across the sample is no longer negligible. The 
available equipment sub-divides the frequency range into three parts; the key 
features of the technique used are summarised below. 
a) Low frequency measurements (10-5 to 107 Hz) 
b) Intermediate frequency measurements (106 to 109 Hz) 
c) High frequency measurements 
This instrument enables the complex scattering parameters (S-parameters) of 
materials to be determined over the frequency range 0.5 to18.0 GHz when 
used in conjunction with the HP8515 S-parameter test set and 21 mm coaxial 
transmission line. The sample geometry is more clearly shown in figure 3.16. 
Figure 3.17 shows a schematic of a coaxial transmission line system. In this 
device a washer shaped sample is electrically connected between the inner 
and outer conductor of a specially designed coaxial fixture, which is placed 
between the signal source and the detector. The ratio of the power of the 
signal received with the sample present to the power received with no sample 
is the attenuation or shielding effectiveness of the sample. The sample must 
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also make good electrical contact at both the inner and outer surfaces, or the 
measured shielding effectiveness will be lower than the sample is capable of 
providing. 
The measured parameters are converted into complex permittivity and 
permeability using a transmission line method, of which there are many. 
3mm 
9.130 mm 20.995mm 
Figure 3.16 Sample dimensions for EM/ test 
Outer conductor Inner conductor 
Sample holder Sample Dielectric bead 
Figure 3.17 Schematic of 21 mm coaxial sample cell [179] 
'EM/ properties of electroless nickel coated mica In different polymer matrices' 87 
Chapter4 Results - Development & optlmlsation of conducting coating 
CHAPTER 4 
RESULTS- DEVELOPMENT AND OPTIMISATION OF 
CONDUCTIVE COATING 
4.1. GENERAL 
Preparation of nickel-coated mica particles using hypophosphite usually 
comprises sensitisation and activation of the surfaces of plate like mica 
particles using a solution containing SnCI2 and PdCI2 under acid conditions 
[142]. The electroless-plating bath consists of the metal salt to be plated, 
reducing agent and complexing agents. Electroless plating of nickel on the 
surface was carried out by dipping and stirring mica particles in a solution 
containing a water-soluble nickel salt, a complexing agent, a reducing agent 
and a pH-adjusting agent. A Ni-P plating bath contains nickel sulphate, 
sodium hypophospite and organic salts, for example as sodium lactate or 
maleate. In the bath, Ni-P deposit is obtained by the oxidation - reduction 
process of Ni +2, H2Po2• and H20, whereas H2P03" and H2 gas are generated 
as by-products [141]. The organic constituents, phosphite concentration and 
catalyst systems control different properties like the conductivity of the coating 
and its crystallinity. In order to gain an overall understanding, studies were 
made after sensitising and activating by using the conventional two-step or 
one step processes and different electroless nickel solutions with different 
concentrations of reducing agent. 
4.2. CHARACTERISATION OF FILLER: 
4.2.1. ASPECT RATIO OF MICA BY INTERFEROMETRY TECHNIQUE 
Aspect ratio The thickness and diameter of about two hundred mica 
particles were determined by a interferometry technique [169]. The photos as 
in figure 4.1 were kept on the platform of the Car! Zeiss optical microscope 
with a special bulb attachment. Light rays passed through the photographs 
and size of the light spot adjusted until it corresponded to the diameter of the 
mica particles as shown in figure 4.1. The channel number reading was 
recorded with respect to the diameter of the mica particle. From the standard 
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chart of diameter and channel number as shown in figure 4.2, the diameter of 
all the mica particles were noted individually. 
From the values of optical path difference and refractive index, thickness of 
individual micas particles were calculated and some sample results are shown 
in table 4.1 and the remaining are shown in appendix A .The photographs of 
the mica particles are shown in figure 4.1 and in appendix B. From the 
photographs, the diameter of mica particles were measured. 
Figure 4.1 Mica particles by optical microscopy (interferometry technique) 
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Table 4.1 Thickness, diameter and aspect ratio of mica particles 
A B Optical Path Thickness Channel Diameter 
Diff. (Jlm) (Jlm) (Jlm) 
13.4 15.2 233.1 7.7 26 132 
7.2 9.5 80.9 2.7 32 158 
5.6 6.2 40.4 1.3 30 150 
13.6 14.8 233.4 7.7 37 178 
A = Degree of rotation (right) 
B = Degree of rotation (left) 
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Figure 4.2 Standard chart of diameter and channel number 
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Initially to calculate the thickness, the optical path difference was found out 
using the formula 
Optical path difference (OPD) I A. = 29 I 360 
where A.= 546nm (wavelength of green light) 
e = Reading of the analyser 
(4.1) 
From the values of optical path difference, the thickness of the mica particle 
was determined using the formula as shown below. 
OPD = Thickness of the particle * refractive index 
i.e., OPD = t 11 + (T 11 + T 11P ) - t 11 
OPD = T (11 +TIP) 
T = Thickness of particle 
t = Thickness of liquid 
TIP= Refractive index of particle, 11 =Refractive index of liquid. 
(4.2) 
From the above formula thickness of the mica particles are determined. The 
average aspect ratio of the mica particles was found to be 37:1. The 
distribution of the aspect ratio of mica is shown in figure 4.3. 
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4.2.2.SEM OF MICA 
SEM analysis of the gold-coated mica is shown in figure 4.4. An energy 
dispersive analysis study on mica provided information about its elemental 
composition (as in figure 4.5) 
Figure 4.4 SEM micrograph of mica particles 
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Figure 4.5 Energy dispersive analysis of mica 
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4.3. CHARACTERISATION OF PRE-TREATED MICA 
4.3.1. LIMA ANALYSIS 
LIMA analysis of sensitised and activated mica showed the existence of tin 
and palladium on the surface of mica. Figure 4.6 and 4. 7 shows the LIMA 
analysis of Niklad 261 and Niklad 262 respectively. When mica was treated 
with Niklad 261, the presence of tin on the surface of mica was confirmed as 
shown in figure 4.8, which indicates that the surface of mica was sensitised. In 
the later stage after treatment with Niklad 262, palladium (figure 4.9) was 
detected on the mica surface, which is the catalytic site for electroless coating. 
-r::: 
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m/z 
Figure 4.6 LIMA analysis of Niklad 261 
LIMA analysis was also used to examine dried dilute Macuplex solution to 
confirm the presence of sensitising and activating agents in the colloidal one 
pack catalyst system. The laser mass analysis of these systems is shown in 
figure 4.1 0. Results for mica particles pre-treated with one pack Macuplex 
catalyst are shown in figure 4.11. Significant peaks were indentified on the 
figures 4. 7-4.11. 
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Figure 4. 7 LIMA analysis of Niklad 262 
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Figure 4.8 Mica after treatment with Niklad 261 
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Figure 4.9 Mica after treatment with Niklad 262 
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Figure 4.11 Mica after treatment with Macuplex activator 
4.4. OPTIMISATION OF ELECTROLESS NICKEL COATING 
4.4. 1. FACTORS AFFECTING THE COA T/NG TECHNIQUES 
Effect of agitation Although agitation of the bath or work movement is not 
absolutely necessary for electroless nickel deposition, it is usually advisable. 
Two separate reactions were carried out to study the effect of agitation. 
Nickel on the surface of beaker 
Figure 4.12 Photographs without agitation 
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Photographs of the reaction without agitation were taken and are shown in 
figure 4.12. Dark and bright nickel spots were observed along the wall of the 
beaker. The SEM micrographs of mica coated using the two techniques 
reactions are shown in figure 4.13. 
(a) (Without agitation) 
Bright nickel 
agglomerates 
(b) (With agitation) 
Surface of mica Dispersion of bright nickel 
metal on the surface of mica 
Figure 4.13 SEM micrographs showing the effect of agitation 
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Effect of concentration of PdCI2 ~n electr~le~s coating Palladiun~ . 
chemisorption is determining step in metallization by the electroless process. 
This step allows strong chemical bonds to form between the substrate and 
metallic film [142]. The effect of various concentrations of PdCI2 (2%, 5% & 
10%) on mica particles before electroless nickel coating was investigated. The 
surface morphology of the coated samples is shown in figure 4.14. These 
activated mica particles were subjected to electroless nickel coating with 
same ratio of mica and volume of electroless nickel solution. lt was found that 
all the samples had similar values of volume resistivity as in table 4.2. The 
details of the reaction conditions and values of volume resistivity are also 
shown in table 4.2. 
Table 4.2 Effect of PdCI 2 on volume resistivity of nickel coated mica 
Concentration pH Yield Volume resistivity 
of PdCI2 (ohm cm) 
2% 4 27.6% 6.69X10 7 
5% 4 27.4% 6.81 X 10 7 
10% 4 28.3% 6.25 X 10 7 
2% PdCI2 5% PdC!z 10% PdCI 2 
Figure 4.14 Effect of PdC/ 2 concentration 
With 2% and 5% PdCI2 concentration the exothermicity of the reactions were 
well under control. But with 10% PdCiz concentration, control of the electroless 
plating became difficult and a coating of nickel was observed on the walls of 
the beaker as seen in figure 4.15. 
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Bright nickel 
._-+-- coating 
Figure 4. 15 Effect of PdCiz concentration 
Effect of temperature & pH The deposition rate for acid hypophosphite 
baths was found to be very sensitive to the pH of the solution. Temperature 
and pH are the most important of all the parameters affecting the deposition 
rate [141 ]. Since many of the individual reactions take place only at a 
significant rate above 50°C, acid type electroless nickel baths in particular 
must be operated at temperature values significantly above this. In the 
following study, reactions were carried out at two different temperatures (70 
and 90°C). For the same volume of nickel solution and weight of mica, the 
yield was lower after coating at 70°C compared with coating at 90°C. From the 
SEM micrographs in figure 4.16, it is very clear that at pH of 4 and 6, coating 
was found to be incomplete at 70°C. For the same volume of nickel solution 
and mica, the amount of coating was greater at pH of 4 and 6 when the 
coating was done at 90°C (figure 4.16). Some of the reactions were studied at 
pH 6, but at higher nickel concentrations, instability of the bath was observed 
i.e., spontaneous deposition of nickel was noticed at the bottom of the beaker. 
Figure 4.17 shows the photographs of the beakers after carrying out the 
reaction at different pH values and a temperature of 90°C. When the reaction 
was carried out at pH 6, nickel deposits were observed after the reaction and 
it was found to be very difficult to control the exothermicity of the reaction. 
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pH = 4, Temperature = 70° C 
pH= 6, Temperature= 70° C 
Agglomeration of 
nickel on mica surface 
pH = 6, Temperature = 90° C 
Non uniform dispersion of 
nickel on mica surface 
pH = 5, Temperature = 90° C 
Figure 4. 16 Effect of pH and temperature on electroless nickel coating 
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pH=5 pH=6 
Faint nickel deposit 
Dark 
~~-f- nickel 
deposits 
Figure 4.17 Photographs of reactions at different pH 
Such deposits were also observed with pH of 4. But at pH of 5, a very faint 
deposit was noticed along the walls of the beaker. The exothermicity was 
controllable during the reaction at this pH. 
Effect of nickel concentration As the nickel ion concentration was 
increased the amount of nickel coating the mica was found to increase as 
shown in figure 4.18. Figure 4.18 shows the SEM micrographs of nickel-
coated mica produced out at a pH of 4. From SEM micrographs (figure 4.19), 
it was very clear that when weight percentage of nickel coated over mica was 
36% at pH 5 and temperature of 90 °C, a conductive network was observed 
on the surface of the mica, which could produce effective filler for developing 
EMI composites. When coating was carried out at pH 5, it was clearly 
observed that coverage of nickel on the mica surface was found to be uniform. 
For the same nickel concentration, it was noted that at pH of 4, the rate of 
deposition and with it the globules or islands are less densely distributed. But 
at pH 5, islands are almost touching i.e., the film is nearly continuous as in 
figure 4.19. 
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Figure 4.18 Effect of Nickel concentration at pH= 4 and temperature 90 °C 
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Figure 4.19 SEM of nickel coated on mica at pH of 5 and temperature 90 °C 
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4.4.2. VOLUME RESISTIVITY OF NICKEL COATED MICA 
Details of volume resistivity of nickel coated mica with Niklad systems at 
different pH are shown in tables 4.3 and 4.4. Mica coated at pH 5 was found 
to be much more conductive than that at pH 4. 
Table 4.3 Volume resistivity of nickel coated mica at different pH 
pH Nickel Volume 
weight(%) resistivity en cm) 
6 6% 8.42 X 10 12 
6 16% 3.12X10 12 
. 6 29% 6.85X10 7 
4 6% 9.89 X 10 12 
4 16% 1.22 X 10 12 
4 29% 5.25 X 10 7 · 
4 36% 4.52 X 10 7 
4 49% 2.26 X 10 7 
4 55% 42.89 
Table 4.4 Volume resistivity of nickel coated mica at pH of 5 
pH Nickel Volume 
weight(%) resistivity en cm) 
5 5% 5.42 X 10 14 
5 15% 5.42 X 10 13 
5 25% 8.2X 10 11 
5 30% 1.2 X 10 8 
5 36% 334.61 
5 43% 17.24 
5 49% 8.68 
5 53% 7.16 
5 55% 5.80 
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Figure 4.20 Volume resistivity of nickel coated mica at pH =5 and temp. 90 °C 
The sigmoid curve of the graph in figure 4.20 shows that there is a threshold 
concentration between 28 and 50 weight percent for effective conductivity. 
This curve very much resembles the universal shape of resistivity for 
conductive compounds. 
4.5. EFFECT OF ONE PACK CATALYST SYSTEM ON COATING 
Having optimised conditions, activation was done with one pack Macuplex R 
activator D-34C. After pre-treatment of these mica powders, they were 
subjected to electroless nickel coating with two-component electroless nickel 
solution. lt was observed that the time required for pre-treatment was found to 
be far less than the previous pre treatment two pack Niklad solution. SEM 
micrographs of mica coated with different levels of nickel are shown in figure 
4.21. Again it is seen that, nickel coverage over the surface of mica increases 
with increase in the nickel sulphate loading. At a particular level of nickel 
sulphate loading a very well defined conductive network appeared on the 
surface of mica. Also the threshold concentration fell between 24 and 50 
weight percent as shown in figure 4.22. 
'EM/ properties of e/ectroless nickel coated mica in different polymer matrices' 105 
Chapter4 Results - Development & optimisatlon of conducting coating · · 
. ·, · .... •: .. -:;. -..... 
> ... \. .. ·. . .. . . ' ........ . 
. . :-,:' .. ,i·· 
Nickel weight % = 9% Nickel weight% = 25% 
Mica Islands of nickel 
Nickel weight% = 30% Nickel weight% = 35% 
Nickel weight % = 35% 
Figure 4.21 SEM of nickel coated on mica at pH of 5 and temperature 90 °C 
(Macup/ex) 
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Figure 4.22 Volume resistivity of nickel-coated mica at pH =5 and temp. 90 °C 
4.6. SCALING UP OF COATING TECHNIQUE 
Initially mica particles were treated with diluted Niklad 261 and 262 solutions 
and dried in an air-circulating oven at 90-1 00°C for a period of two hours and 
then treated with nickel sulphate solution, Niklad 795. The various factors like 
effect of catalyst concentration, pH of the solution, temperature of coating 
were investigated. Later for larger scale experiments mica particles were 
treated with Macuplex solution for a period of 15 minutes and dried in an air-
circulating oven. These catalysed powders were treated with the dilute 
electroless nickel solutions (ELNIC A & ELNIC B in the ratio of 1:3). 
Comparison of the electroless coating process using solutions from the two 
different suppliers is shown in table 3.3 and the photographs of two 
electroless solutions are shown in figure 3.5 in the previous chapter. In figure 
3.5, it was proved that Niklad solution had some sediment that affected the 
coating process. These sediments were analysed by ICP and FTIR technique 
and the compositions are discussed later. 
4.6.1. MORPHOLOGY OF NICKEL COATED MICA 
Mica was treated with Macuplex (one pack catalyst system) and reacted with 
a new electroless solution (ELNIC). The micrographs as in figure 4.23 and in 
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appendix C show a continuous film consisting of individual globGies. This -
figure with the ELNIC system shows that the globular species is well 
dispersed in the mica matrix. The mean radius of;thenodules,increases.with 
an increase in nickel sulphate conceritratioll. The average nodule ia'ciruii-fails --
between 100nm to 300 nm. Nodule size increases with increase in weight 
percent of nickel. 
Nickel weight%= 15% Nickel weight % = 20% 
Layers in mica particle 
Nickel weight % = 30% 
Thin nickel film 
on the surface of 
mica particle 
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Nickel weight % = 38% 
Average size of nodules = 150-200nm 
Nickel weight percent = 58% 
Average size of nodules = 300-400nm 
Figure 4.23 SEM of nickel coated on mica at pH of 5 and temperature. 9cfC at · 
different magnifications (Macuplex & ELNIC) 
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4.6.2. CROSS-SECTIONAL VIEW AND MORPHOLOGY OF NICKEL 
COATED MICA 
· A sample of nickel coated mica was mixed with acrylic powder and cast at 
- . ' . . 
about 120 ° C for about 15 ·minutes in a Struers Protopress 10 DAP-2: 
--- Bright nickel layer 
Mica layer 
Figure 4.24 Optical image of sectioned nickel coated mica 
These specimens were polished using a Struers grinder and coated with gold 
before SEM analysis. SEM analysis shows the uniformity of coating on the 
surface of mica. Figures 4.24 and 4.25 indicate that, though mica particles 
have platy and flake structures, uniformity of the coating was observed on the 
surface of mica as well as the bright layer coated between the platy layers of 
mica. The coating thickness was found to be between 0.5 to 0.8 microns. The 
coatings were of uniform thickness and continuous for a nickel concentration 
greater than 15weight percent of nickel. 
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4.25 Cross sectional view of nickel coated mica at 30 weight% (SEM) 
4.7. COMPARISON OF PROPERTIES OF DIFFERENT SYSTEMS 
4. 7.1. ICP ANALYSIS ON NICKEL COATED MICA 
Properties of coatings produced using different solutions and conditions were 
compared. From ICP analysis the exact percentage of nickel and 
phosphorous on the of samples of nickel coated mica are shown in table 4.5 
The values clearly indicate that the amount of phosphorous formed along with 
nickel was found to be higher when the reaction was carried out at pH of 4 as 
in figure 4.26. Also the percentage of impurity in the form of organic salts was 
found to be higher when the reaction was carried out at pH 4. 
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Figure 4.27 compares the percentage of nickel coated at pH of 4 and 5. The 
nickel percentage was found to be higher with reaction at pH of 5. From figure 
4.28, it could be seen that the percentage of alloying phosphorous after 
electroless nickel coating increases with the increase in the weight percentage 
of nickel coating. The percentage of alloying phosphorous was less with 
Macuplex and ELNIC systems as in figure 4.28. 
A comparative study of ICP analysis was done on nickel-coated mica that was 
coated with different solutions. lt was very clear that as the weight percent of 
nickel on mica increased, the elemental nickel by ICP analysis on mica with 
Macuplex and ELNIC was observed to have the highest value as shown in 
figure 4.29 and in table 4.6. Also the percentage of impurity and phosphorous 
was found to be maximum with Niklad system. 
Table 4.5 Determination of phosphorus content on nickel coated mica 
pH 4 5 
Coating temperature (0C) 90 90 
Weight % of nickel 36 50 36 50 
Nickel content(%) 60.3 71.9 80.7 84.4 
Phosphorus content(%) 12.9 13.7 9.5 10.1 
Impurity(%) 26.8 14.3 9.8 5.5 
Volume resistivity (n cm) 4.5 X 10 7 2.2X 10 7 334.6 78.6 
Table 4.6 Comparison of two different systems 
Properties Macuplex & Niklad Macuplex & ELNIC 
pH 5 5 
Coating temperature (° C) 90 90 
Weight % of nickel 55 55 
. 
Nickel content(%) 86.4 91.1 
Phosphorus content(%) 10.4 7.1 
Impurity(%) 3.2 1.8 
Volume resistivity (ohm-cm) 38.2 7.8 
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Figure 4.26 Effect of pH on phosphorous content 
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Figure 4.27 Effect of pH on nickel content 
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Figure 4.28 Comparison of phosphorous % of two different systems 
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Figure 4.29 Comparison of nickel % of two different systems 
Comparative study on the solutions was made to study the effect of different 
compounds on coating. ICP analysis was also done on the sediments from 
the Niklad solution as shown in figure 4.30. 
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Figure 4.30 Samples for ICP analysis 
ELNIC 
The traces of elements present in the samples are shown in table 4. 7. 
Table 4.7 Traces of elements present in the impuri ty and the green sediments 
Samples Elements 
Niklad 795 AI, K, Na, Ni, P, Pb, S, Zn, Cd, Co 
Green sediment Na, Ni, S, Zn 
White salt Na 
ELNIC A AI , Na, Ni, P, Pb, S, Zn, Cd, Co 
ELNIC B K, Na, Ni, P, S 
4.7.2. FTIR ANALYSIS OF SEDIMENTS IN THE NIKLAD SOLUTION 
The salt samples were mixed with KBr in the ratio of 1:3 and powdered to very 
fine particles. These particles were pressed in a die at 1 0 tons for 10 minutes 
to make a transparent pellet and subjected to IR analysis with a background 
reading and scanned from 4000 to 400cm·1 at 4.00cm·1 resolution and a 
speed of 0.6cm·1 s·1• Figures 4.31 , 4.32, 4.33, 4.34, 4.35 give some idea 
about the organic groups present in the different samples. 
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Figure 4.32 FTIR of green sediment of Niklad 795 solution 
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Figure 4.34 FTIR of ELNIC A solution 
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Figure 4.35 FTIR of ELNIC B solution 
Tables 4.8, 4.9, 4.10, 4.11, 4.12 gives the details of the wavenumbers and the 
probable groups present in different samples. 
Table 4.8 Probable groups of Niklad 795 solution 
Wave number Groups 
629 cm:-r Sulphate, amide N-H 
812 cm·1 Sodium phosphate 
1042 cm'l C-C stretching, thiourea, sodium phosphate 
1090 cm·1 so4 2" 
1155 cm'l C-C stretching, esters C(C=0)-0 
1327 cm·1 CH3 bending 
1442 cm'l Esters-CH3 bending, NH/ 
1642 cm·1 Amide, O=P-OH 
2351 cm'l Sodium phosphate 
3528 cm·1 Water of crystallisation, thiourea, 0-H stretching, NH4 • 
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Table 4.9 Probable groups of green powder sediments from Niklad 795 
Wave number Groups 
679 cm ·1 Sodium sulphate, sodium metabisulphate, Amide N-H, out of 
plane 0-H bend 
768 cm ·1 Out of plane C-H bend, N-H wag 
867 cm or Sodium nitrate 
1047 cm :or Sodium metabisulphate, sodium sulphate, C-C stretching, 
thiourea, symmetry C-0-C stretch 
1112 cm -1 C-C stretching, S04 2-
1271 cm :or CH3 bending, symmetry CH3 deformation in COOH 
1598 cm -1 Unsaturated conjugated acid, asymmetric carboxylate, N-H 
stretch vibration 
2543 cm - 1 1. Sodium nitrate 
2670 cm cc,- 2. 0-H stretch of acid 
2742 cm .:r 3. Influence of polar groups not directly attached to the 
2986 cm -1 methyl group (CH3COOH) 
3219 cm :or 4. CH stretching of methyl attached to polar groups. 
5. NH/ 
Note: 2543- 3219 : Peaks match with the absorption region 
of propionic, acetic and lactic acid. 
Table 4.10 Probable groups of white powder sediments from Niklad 795 
Wavenumber Groups 
460 cm -1 N-H oscillation ( -NH3 +J 
790 cm .:r Out of plane C-H bend, N-H wag 
1086 cm -1 Non cyclic unconjugated anhydrides, 
1383 cm .:or Symmetric carboxylate 
1636 cm - 1 N-H amide band 
2359 cm .:or Mono and di substitutes alkynes 
3449 cm -1 0-H stretch, C-H stretch, N-H stretch 
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Table 4.11 Probable groups of ELNIC A solution 
Wavenumber Groups 
741 cm·1 Sulphate, Amide N-H 
980 cm·, Sodium phosphate 
1042 cm·1 C-C stretching, thiourea, sodium phosphate 
1080 cm·' so4 ,. 
1109 cm·• C-C stretching, so4 L• 
1633 cm·' Amide, O=P-OH 
2341 cm·• Sodium phosphate 
3593 cm·' Water of crystallisation, thiourea, O-H stretching of 
carboxylic acid, NH/ 
Table 4.12 Probable groups of ELNIC 8 solution 
Wavenumber Groups 
629 cm·' Sulphate, amide N-H 
817 cm·1 Sodium phosphate 
1042 cm·• C-C stretching, thiourea, sodium phosphate 
1088 cm·' so4 •· 
1161 cm·• C-C stretching, esters C(C=0)-0 
1316 cm·' CH3 bending 
1414 cm·1 Esters-CH3 bending, NH/ 
1583 cm·' Carboxyl salts, amines 
1643 cm·1 Amide, O=P-OH 
2349 cm·' sodium phosphate 
3520 cm·• Water of crystallisation, thiourea, 0-H stretching of 
carboxylic acid, NH4 + 
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4 . 7.3. XRD ANALYSIS 
XRD has been widely studied in the deposition range of 5-14 weight percent 
phosphorus. As we discussed earlier mica particles were coated with different 
coating solutions and these coatings were analysed by XRD to elucidate their 
structure as shown in figure 4.36. From the broadness of the peak as in XRD 
and the percentage phosphorous content by ICP analysis the structure could 
be studied. 
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Figure 4.36 Comparison of XRD analysis of mica coated with nickel with 
different systems 
When the reaction was carried out with Niklad 795 solution the percentage of 
alloying phosphorous was found to be between 11-13%. Keeping all reaction 
conditions constant, the alloying phosphorous with ELNIC solution was 
between 5-7%. 
4. 7.4. VOLUME RESISTIVITY OF NICKEL-COATED MICA 
The volume resistivity of nickel-coated mica with different systems was 
compared as shown in figure 4.37. From the graph the threshold 
concentration for different systems could be studied. From the graph 4.37 it is 
clear that the Macuplex and ELNIC solutions gave the best conductivity. 
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Figure 4.37 Comparison of volume resistivity 
4. 7.5. BULK DENSITY OF NICKEL COATED MICA 
The weight in gram (gm) of material was found out to the nearest 0.1 gm. 
Figure 4.38 shows the comparison of densities of different weight percent of 
nickel coated on mica. 
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Figure 4.38 Comparison of densities of nickel coated mica 
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4.7.6. ASH CONTENT OF NICKEL COATED MICA 
Approximately 2 grams of each 50 weight % nickel coated mica sample was 
exactly weighed into each silica crucible and ashed in a furnace set at 850°C 
for 3 hours. SEM as shown in figure 4.39 studied the morphology of the ashed 
samples. Ash content of mica was found to be 1.1 %. 
Ash content of nickel coated mica (pH of 5) 
Weight of nickel coated mica before heating = 2.0986g 
Weight of nickel coated mica after heating = 1.9702g 
Difference in weight = 0.1284g 
Ash content = (0.1284/2.0986) *1 00 = 6.1% 
Weight of nickel coated mica before heating = 2.1886g 
Weight of nickel coated mica after heating = 2.0902g 
Difference in weight= 0.0984g 
Ash content= (0.0984/2.1886) *100 = 4.4% 
Weight of nickel coated mica before heating = 1.9856g 
Weight of nickel coated mica after heating = 1.8852g 
Difference in weight = 0.1 004g 
Ash content= (0.1004/1.9856) *100 = 5.5% 
Weight of nickel coated mica before heating = 1.2398g 
Weight of nickel coated mica after heating = 1.141 g 
Difference in weight = 0.0988g 
Ash content= (0.0988/1.2398) *100 = 7.6% 
Weight of nickel coated mica before heating = 1.5987g 
Weight of nickel coated mica after heating = 1.5g 
Difference in weight= 0.09874g 
Ash content= (0.0987/1.5987) *100 = 6.7% 
The average ash content= (6.1+4.4+5.5+7.6+6.7) /5 = 5.9% 
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Figure 4.39 SEM micrograph of a shed nickel coated mica 
4. 7. 7. EDAX ANALYSIS OF NICKEL COATED MICA 
The energy dispersive analysis of nickel-coated mica was done during the 
SEM study. Figure 4.40 confirms the presence of nickel and phosphorous on 
the coated mica. The peaks of potassium, aluminium, silica and magnesium 
are the ingredients of mica. 
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Figure 4.40 EDAX of nickel coated mica 
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4.7.8. HEAT TREATMENT OF NICKEL COATED MICA 
For the application of EMI shielding, electrical and magnetic properties of 
nickel-coated carbon fibres are important. The electrical and magnetic 
properties of electroless nickel films will change with heat treatment due to the 
change of microstructure after phase transformation at different temperatures. 
Therefore, it is necessary to understand the relationships between the 
electrical conductivity and heat treatment temperature (HTT). 
Samples of electroless nickel coated mica were taken in a crucible and heated 
at different temperatures of 200, 300, 600 and 900°C in an air-circulating 
oven. The morphology of these samples was investigated to work on the 
structural properties as shown in figure 4.41-4.46. 
Figure 4.41 SEM of 50% nickel coated mica without heat treatment 
Comparative results of percentage of nickel, phosphorous and oxygen were 
obtained from EDAX peaks as shown in figure 4.47-4.50. Volume resistivities 
of these heat-treated nickel coated mica compounds are as shown in figure 
4.51. From figure 4.51, after heat treatment at 200°C and 300°C, the 
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conductivity increased but heating to 600°C and 900°C increase the volume 
resistivity of nickel-coated mica. 
Signal A • lnLens Date :27 Jun 2003 
Photo No. • 7465 
Figure 4.42 SEM of 50% nickel coated mica after heat treatment (200°C, 30 
minutes) 
Si!ilnal A= lnlens Date :25 Jun 2003 
Photo No.= 7385 
Figure 4.43 SEM of 50% nickel coated mica after heat treatment (30o0C, 30 
minutes) 
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Figure 4.44 SEM of 50% nickel coated mica after heat treatment (60lf'C, 30 
minutes) 
Figure 4.45 SEM of 50% nickel coated mica after heat treatment (90d'C, 30 
minutes) 
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Figure 4.46 SEM of 50% nickel coated mica after heat treatment showing the 
pore structure (90d'C, 30 minutes) 
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Figure 4.47 EDAX of 50% nickel coated mica after heat treatment at 20d'C 
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Figure 4.48 EDAX of 50% nickel coated mica after heat treatment at 30r:fC 
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Figure 4.49 EDAX of 50% nickel coated mica after heat treatment at 60r:fC 
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Figure 4.50 EDAX of 50% nickel coated mica after heat treatment at 90rf1C 
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Figure 4.51 Volume resistivity of 50% nickel coated mica after heat treatment at 
different temperature 
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Figure 4.52 Comparison of XRD peaks of different heat-treated nickel coated 
mica 
XRD peaks as in figure 4.52 shows that the electroless nickel crystallised to a 
two-phase mixture of nickel and Ni3P. Also peaks of NiO were observed which 
might be due to oxidation. Peak at 45.49 is the characteristic peak for nickel 
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(111) and peaks at 53.041 (nickel 200). Peaks at 36.2, 64.4 and 76.3 are of 
nickel phosphide. lt was observed that all the heat-treated samples showed 
the peaks at 45.49 but as the temperature of heat treatment increased the 
intensity of the peak decreased. When the samples were heated above 
300°C, the nickel phosphide and nickel oxide became the predominating 
phase of the heat-treated coating. Lin et al. [165] noticed similar observations 
during the sintering operation of electroless nickel coated alumina powder, 
which matched with all the peaks as shown in figure 4.52. The shoulder peak 
existing right to nickel (111) peak is the peak of Ni3P reflecting the existence 
of a different phase as explained by Tzeng et a/.[166] affecting the crystal 
structure of nickel in the system. 
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CHAPTER 5 
DISCUSSION DEVELOPMENT AND 
OPTIMISATION OF CONDUCTIVE COATING 
5.1. CHARACTERISATION OF MICA 
The minimum coating thickness is limited by coating technology, and is of the 
order of a few microns at the present time. If the thinnest coating possible 
were applied to both a large and a small flake, the nickel layer on the large 
flake would have the greater aspect ratio and would represent the more 
efficient nickel usage. Kortschot et al. in their investigation proved that nickel 
coated flakes impart conductivity in all directions [123]. Naik et al. proved that 
nickel coated mica introduces both reinforcement properties and good 
electrical properties in polymer resins like polypropylene, polybutylene 
terephthalate, polycarbonate [116]. Du et al. proved that mica flakes coated 
with nickel oriented in the directions parallel to the sheet, which increased the 
contacts between the fillers and formed more electrical conducting chains 
through the material, therefore increasing the electrical conductivity [120]. 
For efficient EMI filler, the particles should form a close packed array at a low 
concentration. The average aspect ratio (diameter/thickness) of mica particles 
was found to be 37.72:1. The flaky structure of mica as in figures 4.4 and 4.5 
has several advantages over fibres when properties in a plane are 
considered; fibres can only reinforce in one direction while flakes reinforce in a 
plane [121]. 
5.2. CHARACTERISATION OF SOLUTION 
A pre-treatment must be able to remove all surface defects. In terms of 
present technical developments, a typical pre-treatment sequence for alloys is 
hot degreasing, rinsing, acid pre-etching, rinsing, etching with nitric acid, 
rinsing and then electroless nickel treatment. Non-conductors need treatment 
involving etching, activation and electroless plating in order to make their 
surface active. 
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The pre-treatment sequence for non-conductors is cleaning, swelling, etching, 
neutralising, activation, reduction, electroless metallising. Normally the etchant 
is chromic acid. Adhesion to the substrata is by mechanical anchoring and 
Van der Waals bonding that exists due to interaction based on surface 
energies. Etchants for quartz, glass and certain types of ceramics described 
by Gaurilov et al. [180] are containing ammonium fluoride. Suchentrunk 
recommended activation with SnCI2, HCI & PdCI2 [181]. 
In the optimisation, experiments were carried out with two different pre-
treatment solutions, two pack (Niklad 261 & Niklad 262) & one pack 
(Macuplex) 
Niklad 261 is a dilute tin chloride solution as confirmed by LIMA in figure 4.6. If 
is used for sensitising the mica particles with sn+2 ions. LIMA analysis of the 
sensitised mica confirmed the presence of sn+2 on the surface of mica 
particles as in figure 4.8. Adsorption of sn+2 on the surface of mica controls 
the adsorption of the catalyst and the film growth after electroless nickel 
coating [162], so, Niklad 261 is used to deposit sn+2 on the surface of mica. 
Niklad 262 is the dilute palladium chloride solution for activating the sensitised 
mica as confirmed by LIMA in figure 4.7. sn+2 sensitised mica reduced the 
palladium chloride into metallic palladium which formed the catalytic sites. The 
deposition of metallic palladium on the surface was confirmed by LIMA 
technique as in figure 4.9. The main reaction is as follows 
Sn +2+ Pd +2 ---111>~ Pd 0 + Sn+4 
This process is well reported in the literature [178]. 
Macuplex catalyst solution is designed for a continuous process. The mica 
particles don't require any separate treatments like sensitisation and 
activation. Therefore, the time required for pre-treatment was found to be 
much less when compared with the two-pack catalyst system. Normally the 
catalyst solution one pack systems is based on activation with colloidal or 
ionogenic palladium [182]. In other words, the palladium chloride, stannous 
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chloride and hydrochloric acid are in one solution, which is a palladium-tin 
hydrosol, a solution of complex ion and colloidal particles [183] as shown by 
LIMA in figure 4.1 0. Adsorption of palladium on the surface of mica was 
observed by the LIMA technique as in figure 4.11.Treatment of mica with such 
solution prevents the oxidation of the sensitised sn+2 surface. Oxidation of 
sn+2 ions after sensitisation would disturb the effective activation as well as 
inhibiting the conversion of PdCI2 to Pd. The possibility of such oxidation could 
exist with the two-pack catalyst system (Niklad 261 and Niklad 262). 
According to Reidel [141], the preferred source of nickel cations is nickel 
sulphate. Other nickel salts, such as nickel chloride and nickel acetate are 
used for very limited applications. The chloride anion can act deleteriously 
when the electroless nickel-plating bath is used. The use of nickel acetate 
does not yield any significant improvement in bath performance or deposit 
quality when compared with nickel sulphate [142]. Parker et al. and Fujio 
Matsui et al. worked on electroless nickel solutions based on nickel sulphate 
and sodium hypophosphite along with various additives like organic acid 
(acetic acid, citric acid), hydroxylamine sulphate, ammonium fluoride, succinic 
acid and organic nitrogen stabilisers [184]. 
In all the above studies it was observed that an electroless nickel-plating 
solution could be operated under normal operating conditions over extended 
periods without adding stabilisers; however, it may decompose spontaneously 
at any time. Bath decomposition is usually preceded by an increase in the 
volume of hydrogen gas evolved and the appearance of a finely divided black 
precipitates throughout the bulk of the solution [141]. This precipitate consists 
of nickel particles and nickel phosphide. Fortunately, chemical agents called 
stabilisers are available to prevent the homogeneous reaction that triggers the 
subsequent random decomposition of the entire plating bath. When two or 
more stabilisers are employed, it is important to be sure that the action of one 
does not inhibit or lessen the effectiveness of the other stabilisers. Plating 
bath decompositions can be eliminated by the addition of only trace amounts 
of stabilisers to the plating bath [142]. Altura et al. found that when thiourea is 
used as a stabiliser it inhibits phosphorous reduction thereby decreasing the 
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phosphorous content of the deposit [185]. This is especially true for acid 
electroless nickel solutions. Not only do these compounds stabilise plating 
solutions, but some of them also accelerate the plating rate. Other stabilisers 
can affect the phosphorous content. The working concentration of stabiliser 
must be sufficient to prevent plate of nickel on the walls of the plating tank as 
well as solution decomposition [185]. 
The additives referred to as complexing agents in electroless nickel-plating 
solutions are, with two exceptions, organic acids or their salts. There are three 
principal functions that complexing agents perform in the electroless nickel 
bath. They exert a buffer action that prevents the pH of the solution from 
decreasing too fast. They prevent the precipitation of nickel salts and they 
reduce the concentration of free nickel ions. 
Niklad 795 is a dilute electroless nickel sulphate solution containing other 
additives like ammonium hydroxide, sulphuric acid and sodium 
hypophosphite. 
FTIR peaks shown in figure 4.31 of Niklad 795 solution at 629 cm·\ 1090 cm·1 
shows the presence of sulphate compound in the solution. The presence of 
nickel in the solution was confirmed by the ICP technique. Also a very broad 
peak was observed at 3528 cm-1, which was attributed to the water of 
crystallisation. From the characteristic peaks of sulphate and presence of 
nickel & water of crystallisation, it could be concluded that the nickel source in 
the solution could be hydrated nickel sulphate. Peaks at 812 cm - 1 and 2351 
cm -1 are the standard peaks of sodium phosphates. Presence of O=P-OH 
group in the solution was confirmed by absorption peak at 1642 cm -1• So, 
the reducing agent in the solution is sodium hypophosphite. Medium to weak 
absorption bands for the tertiary aliphatic amines appear in the region of 
1250-1020 cm -1• The vibrations responsible for these bands involve C-N 
stretching of adjacent bonds in the molecule. These confirm the presence of 
some amine compounds along with lead, molybdenum, cobalt as stabilisers 
for the solution as shown in ICP in table 4.7. Free hydroxyl stretching vibration 
was observed at 3528 cm -1• Intense 0-H stretching was observed betwen 
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2500 cm -1-3300 cm -1.The weaker C-H stretching bands are generally seen 
superimposed upon the broad 0-H band. CH3 group bending peak of esters, 
seen at 1442 cm - 1 and C-C stretching and C(C=0)-0 showed the absorption 
peak at 1155 cm - 1• These absorption peaks confirms the presence of some 
organic acids like propionic, succinnic or lactic acids as complexing agents in 
the solution. The ammonium ion displays a strong bending near 1442 cm -1. 
These bands originate in asymmetrical and NH3+ bending. This group 
confirms the presence of some ammonium compounds to maintain the pH of 
the solution. 
The ICP analysis of the green salt found as in table 4.7 confirms the presence 
of sodium, nickel, zinc and sulphur. FTIR of the green sediments (figure 4.32) 
confirmed the presence of sodium nitrate (867 cm-1), bisulphates and 
sulphates (679 cm-1, 1047 cm-1, 1112cm-1) compounds. Unsaturated 
conjugated acid, asymmetric carboxylate and N -H stretch vibration were seen 
at 1598 cm - 1• From 2543 cm - 1 to 3219 cm -1, the peaks matched with the 
absorption region of lactic, propionic and acetic acids. So, the precipitates of 
Niklad 795 could be sulphates of nickel, sulphites of sodium, salts of organic 
acids and catalyst poison in the form of zinc compounds. 
The presence of sodium salts of organic acids (complexing agents) in the 
green sediments confirmed the poor stability and activity of the bath. This 
resulted in the precipitation of nickel salts and buffer sodium salts as 
confirmed by ICP. The presence of zinc salt in the green salt sediment of the 
Niklad 795 solution, by ICP, confirms the decomposition of zinc compounds in 
the mother liquor. This zinc could become a catalyst poison for electroless 
nickel bath. 
FTIR peaks of these green sediments as in figure 4.32 confirm the 
decomposed traces of organic salts (complexing agents, stabilisers) of 
sodium, some amines and phosphorous compounds of sodium. The function 
of stabilisers in the solution could be hindered by the presence of impurities 
like lead, cadmium and cobalt in Niklad 795. The compatibility of the stabiliser 
with the process being used must be ascertained to avoid any adverse loss in 
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catalytic activity due to a synergistic action with any other additive present in 
the bath. When two or more stabilisers are employed, it is important to be sure 
that the action of one does not inhibit or lessen the effectiveness of the other 
stabilisers. So, the mixture of different stabilisers, their percentage in the bath 
(Niklad 795), could be responsible for the precipitation and decomposition of 
some organic salts. In Niklad all the additives are present in a single solution 
which could affect the activity of the solution which is not the case with ELNIC. 
ICP analysis of the white salt (Niklad 795 solution) as in table 4.7 confirms the 
presence of sodium. 0-H stretching, C-H stretching, N-H stretching were 
confirmed at 3449 cm-1 as in figure 4.33. Presence of non-cyclic 
unconjugated anhydrides was seen at 1086 cm-1• Peaks at 1383 cm-1, 1636 
cm - 1, 2359 cm-1 confirmed the presence of organic salts of sodium and 
amide compounds. 
A small addition of complexing agent is accompanied by an increase in plating 
rate. The difference in the rate of deposition between two plating baths 
containing different complexing agents is attributed to the differences in 
magnitude of the stability constant of the two nickel complexes. The nickel 
complex controls the number of free ions that are available to take part in the 
deposition reaction. Nickel complexes with low stability constants yield a 
larger quantity of free nickel ions when compared with complexes with larger 
stability constants. The larger the number of free nickel ions adsorbed on the 
catalytic surface, the greater the nickel coating rate. When the stability 
constant is relatively large, the free nickel ion concentration is low, and the 
fraction of sites covered by adsorbed nickel is small and hence the number of 
sites available for phosphorous reduction is large and so the phosphorous 
content of the coating is increased. According to De Minjer [186] electroless 
nickel complexes with low stability constants will show higher deposition rates 
and low phosphorous content. Electroless nickel baths based on lactic acid 
and citric acid form weak and strong nickel complexes respectively. So, Niklad 
795 is likely to include complexing agents like citric acid that form a nickel 
complex with higher value of stability constant which results in a higher 
phosphorous content. 
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FTIR peaks of ELNIC A, (figure 4.34), show peaks for sulphate (741 cm-1, 
1080 cm - 1, 1109 cm - 1 ), sodium phosphate (980 cm -1, 1042 cm - 1, 2341 cm-
1) with some amide stretching (1633 cm-1) and 0-H stretching of carboxylic 
acid (3593 cm-1). ICP analysis of this solution as in table 4.7 confirmed the 
presence of sodium, nickel, phosphorous, lead, sulphur, Zn, Cd and Co 
suggesting that ELNIC A could be a mixture of nickel sulphate, sodium 
hypophosphite, salts of carboxylic acids, ami des. 
FTIR for ELNIC B (figure 4.35) showed all the characteristic peaks of 
sulphate, phosphate, amides, esters and carboxyl salts. According to Mallory 
et al. [142] addition of compounds of aluminium and zinc has a beneficial 
effect on the nickel deposition potential resulting in coating with better 
adhesion. Presence of aluminium and zinc in ELNIC solutions were confirmed 
by ICP as shown in table 4.7 
The composition of ELNIC A and ELNIC B from FTIR and ICP showed that 
the electroless nickel solution could have hydrated nickel sulphate as a nickel 
source, sodium hyposphosphite as a reducing agent, complexing agents 
could be sodium and potassium salts of lactic acid or propionic acid (to form a 
weak nickel complex) and compounds of lead, cobalt and some amines as 
stabilisers. Some special additives like aluminium nitrate are used to increase 
the deposition rate, compounds of zinc to improve the adhesion, carbonates 
of potassium to neutralise the W ions during the reaction and ammonium 
fluoride to enhance the etching of the substrate. So this solution shows a good 
combination of compounds for an effective electroless nickel coating. 
5.3. FACTORS AFFECTING THE COATING TECHNIQUES 
Effect of agitation From figures 4.12 & 4.13, it is very clear that for the 
same ratio of weight of pre treated mica to the volume of nickel sulphate 
solution, agglomeration of nickel was found on the surface of mica when the 
coating was carried out in the absence of stirring. Magnetic stirring of the 
electroless nickel bath resulted in more uniform surfaces and dispersion of 
nickel on the surface. When the reaction was carried out without agitation the 
'EM/ properties of electro/ess nickel coated mica In different polymer matrices' 139 
ChapterS Discussion - Development & opt/m/sat/on of conductive coating 
electroless bath became turbid which indicates the instability of the bath. So, 
agitation helps by increasing the rate of diffusion causing greater convection 
and transferring the reactants more efficiently to the surface of work. 
According to Gawrilov et al. the deposition rate in acid baths is raised by 
working movements, other conditions remaining constant [180]. 
Effect of PdCI2 concentration The morphology as in figure 4.14 and 
values of volume resisitivity as in table 4.2 confirm that 2% PdCI2 
concentration is sufficient for activating the surface of mica for electroless 
coating. With higher PdCI 2 concentration instability in coating was observed. 
This clearly implies that special care must be taken while activating the 
surface of sensitised mica. During activation, conversion of Pd +2 to Pd 0 is a 
must since Pd is the catalyst for the electroless coating. The excess of 
palladium ions would disturb the electroless coating by forming unstable 
compounds with the reducing agents in the next step [141]. Rinsing of 
activated mica is very important to remove excess palladium ions, which might 
disturb the reaction by adhesion of nickel to the walls of the reactor as in 
figure 4.13. The unreacted palladium would also affect the crystallinity of the 
nickel coating. 
Effect of temperature and pH From the values of volume resistivity in 
tables 4.3 and 4.4 and surface morphology shown in figure 4.16, it is seen that 
a conductive network path could be achieved only when the coating was done 
at 90 °C and pH of 5. For the same ratio of weight of mica to volume of nickel 
sulphate solution, the weight percent of nickel coated on the surface of mica 
was found to be maximum when the reaction was carried out at 90°C. This 
clearly indicates the complete reduction of nickel sulphate to nickel with 
palladium catalyst using acid bath is possible only at 90°C. So, the deposition 
rate was found to be maximum at 90°C. The lower the bath pH, the greater 
the phosphorus content (as in table 4.5) of the deposit. This decreased the 
volume resistivity. Lowering the bath pH to 4 results in ineffective buffer 
action, decomposition of solution, deposition of unwanted components, which 
could lead to uneven deposits and lowering the reductive power of the 
hypophosphite, resulting in a retarded deposition rate. Also at bath pH of 6 
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instability of the bath (uncontrollable exothermicity) was poor due to the 
ineffective buffer action, which resulted in nickel adsorption on the walls of 
beaker as shown in figure 4.17. 
Effect of nickel sulphate concentration The weight percentage of nickel 
deposited on mica increased with increase in the concentration of electroless 
nickel solution. For the same volume of nickel sulphate solution the island of 
nickel deposited almost touched to form a conductive network when the 
reaction was carried out at pH of 5 as shown in figure 4.18 and 4.19. This 
could be because at pH of 5 the percentage of alloying phosphorus was less 
than when compared with the reaction at pH of 4. The effectiveness of the 
coating was confirmed from the values of volume resistivity as shown in table 
4.3 and 4.4. 
From figures 4.24 and 4.25, it is very clear that uniform coating of nickel is 
possible for mica particles. The coating was also observed between the layers 
of mica particles, which suggests that electroless nickel coating is very 
effective for coating mica particles. So, ultra thin nickel coatings are a very 
promising means of producing conductive composites. 
Results of the ICP analysis shown in table 4.5 confirm that when the reaction 
was carried out at pH of 4, the phosphorus content was found to be higher 
than the reaction with pH of 5. The reason could be because of decomposition 
of the bath components at pH of 4, which increased the phosphorus 
percentage after coating. Keeping all the reaction conditions the same, a 
comparative study was made between two different systems as shown in 
table 4.6. The percentage of phosphorus and impurity was found to be higher 
with Macuplex and Niklad 795 than Macuplex and ELNIC systems. Figures 
4.26-4.29 compare the percentage of phosphorous in different systems. From 
these figures it is clear that the percentage of phosphorous is higher with 
Niklad systems at both pH of 4 and 5, this could be because of excess of 
alkali ions in the system that cause phosphorous reduction as shown in the 
reaction below. Neutralisation of W by NaOH or K2COs increases the 
concentration of Na+ or ~- Hence, the changes in rate and percentage of 
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phosphorous can just as well be justified by the alkali cation build up i.e., if the 
buffer associates with excess Na or K cations in preference to H+ ions, then 
there are more W ions available to lower the pH of the reaction layer adjacent 
to the substrata. This surplus of W ions is available to increase the 
phosphorous reduction reaction. 
H2P02. + 2W __.. P + 2H20 
An increase in phosphorous reduction is concurrently accompanied by 
decrease in nickel deposition as in tables 4.5 and 4.6. 
The presence of phosphate salts in the sediments from the Niklad 795 
solution confirms that the solution is not stable since the reducing agent in the 
system preceipitates, which would result in low nickel deposition after 
electroless coating. 
Low deposition rates in Niklad 795 could be because of too low nickel 
concentration or too high concentration of impurities like salts of cadmium, 
zinc, cobalt and zinc. The percentage of alloying phosphorous was found to 
be less with ELNIC solution since the amount of reducing agent in this system 
is lower than Niklad 795 solution. The deposition rate with Niklad 795 could be 
affected because of the decomposition of zinc ions that act as a catalyst 
poison to hinder the catalytic activity of sodium hypophosphite [141 ]. 
Volume resistivity of coatings from different solutions is shown in figure 4.37 
and in figure 5.1. The graph shows that Macuplex and ELNIC systems are 
effective for producing a conductive network with the percolation threshold of 
4-9 volume percentage of nickel. With Niklad solution the percolation falls 
between 5 and 11 volume percentage of nickel. The surface morphology of 
this system is as shown in figures 4.21 and 4.23. The surface morphology 
shows that as the percentage of coating was increased from 15 to 30, 
complete coverage of nickel alloy was found on the surface of mica with 
ELNIC system but the conductivity wasn't enough to form a conductive 
network. As the coating percentage increased layers of nickel coated on the 
surface of mica as shown in figure 4.23. 
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XRD analysis of nickel-coated mica is shown in figure 4.36. This shows the 
effect of phosphorous content on the crystallinity of coating with 7% and 10% 
phosphorous. In the former case there are narrow lines attributable to nickel 
and the nickel phosphide Ni3P [173]. When the P content is increased to 10% 
the broad band from 35 to 55° (29) suggests that there is a considerable 
amount of amorphous material present. Only a single peak is observed 
indicating the presence of a single dominating component. Also the width of 
the peak changed as a function of the pH. The width of the peak indicates the 
crystalline nature of the component. If the peak is very narrow it indicates that 
the sample is crystalline while peaks with large width and small heights 
indicate some amorphous components in the system. This behaviour can be 
explained based on the method of deposition. During deposition, phosphorus 
atoms are randomly captured on the nickel atom and the rate of segregation 
of the atoms determines the crystallinity of the deposits. The rate of diffusion 
of phosphorus is relatively small compared to that of nickel. Hence, if the 
deposit contains large amount of phosphorus, then a larger number of 
phosphorus atoms must be moved from a given area during deposition to 
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achieve segregation of nickel and phosphorus. Thus, if the required 
phosphorus segregation is very large, it will prevent the nucleation of f.c.c. 
nickel phase. This results in an amorphous structure of the coatings. The 
structure of the coatings varies with respect to the pH, since pH affects the 
amount of phosphorus present. The lower the pH, the more is the amount of 
phosphorus presents in the system and the lower the crystallinity of the 
coating. 
From the values of bulk densities as shown in figure 4.38, the density of nickel 
coated mica increases with increasing percentage of nickel. From the values 
of ash content of nickel coated mica it is very clear that the percentage of 
impurities after coating is less at pH of 5 than at pH of 4, which could be due 
to the decomposition of the salts that contaminate the coating as well as 
affecting the conductivity. 
5.4. EFFECT OF HEAT-TREATMENT ON NICKEL COATED MICA 
It is well established that the deposited electroless nickel is a phosphoros-
containing alloy. The structure and properties of the film are strongly 
dependent on the phosphorus content. The results indicated that the 
phosphorus content decreased as the pH value increased, which is consistent 
with the result of Randin and Hintermann [187]. In the widely studied 
composition, the range 5-7 weight % phosphorus has been reported as 
microcrystalline and higher range 7-14 weight percentage phosphorus as 
amorphous [141]. 
From figure 4.43 to 4.45, it is seen that there was some phase transformation 
observed on heating from 300°C to 900°C. The EDAX analysis of these heat-
treated nickel coated mica particles showed that there was some oxidation 
observed during heating. Oxygen peaks from figure 4.47-4.50 showed that the 
percentage of oxygen was found to be higher with heat treatment at 600°C 
and 900°C, which could never help in forming a good conducting network. 
From figure 4.51, it was observed that the electrical conductivity increased 
when heated up to 300°C. After 300°C heat treatment, XRD as in figure 4.52 
showed that there was some transformation in Ni/P films on mica. The 
'EM/ properties of e/ectroless nickel coated mica In different polymer matrices' 144 
Chapter5 Discussion - Development & optim/satlon of conductive coating 
transformed phases were detected as crystalline nickel and nickel compounds 
like (NisP) and NiO. The increase in conductivity at 200°C and 300°C could be 
because during transformation crystalline phase of nickel is more dominating 
than the NiaP phase. As the heat-treatment increased beyond 300°C, the 
growth of NiaP and NiO phase was observed as indicated by the strong peak 
intensity in figure 4.52. Formation of large proportion of Ni3P and NiO at 
600°C and 900°C could be responsible for increase in volume resistivity as 
shown in figure 4.51. 
SUMMARY 
The aspect ratio of mica was found to be 37:1 determined by two-beam 
interferometry technique. LIMA analysis was very effective in confirming the 
presence of sensitising and activating metals on the surface of mica. Two-
pack catalyst system resulted in poor deposition of nickel when compared to 
the one-pack system. lt was proved that agitation aids the better dispersion of 
metal on the surface of mica during electroless nickel coating. XRD and 
volume resistivity data confirmed that pH of 5 aids in crystalline coating of 
nickel. Heat-treatment at a particular temperature helped in increasing the 
conductivity of the nickel-coated mica. From the cross-sectional view of nickel-
coated mica, nickel thickness of 0.3 to 0.5 microns helped in better 
conductivity. 
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CHAPTER 6 
RESULTS - DEVELOPMENT OF CONDUCTING POLYMER 
COMPOSITES 
6.1. GENERAL 
The optimal conditions for the dispersion of mica in the polymer matrix have 
been investigated. Processing conditions include compounding and 
processing temperature, rotor rpm in Haake mixing and mixing time was 
optimised. Studies had previously made on the dispersion of mica in ABS 
[188]. So, ABS could be compounded within the temperature range of 200-
2200C, Haake rotor speed of 60-70 rpm and mixing time of 5 minutes. 
In this investigation, PP resin (Escorene, MFI = 12g/10 min) and mica powder 
were dried for 2 hours in an air-circulating oven between 80 to 100°C. About 
0.4 volumes fraction of mica was mixed with PP in a small Haake internal 
mixer. During compounding of the composites the following conditions were 
used: rotor speed 50-70rpm, mixing time 5-10 minutes and compounding 
temperature between 190 and 230°C. 
6.1.1. SEM OF COMPOUNDED PP AND MICA COMPOSITES 
The microscopy work was mostly done using a scanning electron microscope 
(SEM). The compounded specimens were gold coated in a sputtering 
chamber. The SEM micrographs of the polished compounded mica are shown 
in figure 6.1 to study the effect of mixing at 190°C, rotor rpm (50-70) and time 
of mixing (5-10 minutes) in Haake Rheocord twin-screw mixer. Figure 6.2 
shows the SEM micrographs of PP composites, compounded at 210°C, rpm 
(50-70) and mixing time ranging between 5-10 minutes. Figure 6.3 shows the 
SEM micrographs of PP composites, compounded at 230°C, rpm (50-70) and 
mixing time ranging between 5-10 minutes. All the figures showed that 
effective distribution of mica was found when the compounding was carried 
out at 210°C, 50 rpm and mixing time of 10 minutes. At a rotor speed of 70 
rpm mica flakes were broken down and at 50 rpm they did not lose their 
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particle size. Dispersion of mica in the polymer matrix was found to be more 
uniform at 21 0°C and 230°C than at 190°C. 
Mixing temperature = 190 °C, mixing time = 5 minutes and screw rpm = 50 
Mixing temperature = 190 °C, mixing time= 10 minutes and screw rpm = 50 
Polymer matrix Mica particle 
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Mixing temperature= 190 °C, mixing time= 10 minutes and screw rpm= 70 
Mica particles Polymer matrix 
Figure 6.1 Effect of mixing at 190 °C, screw rpm of 50-70. and time of mixing (5· 
10min) in Haake Rheocord.mixer 
Mixing temperature= 210 °C, mixing time= 5 minutes and screw rpm= 50 
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Mixing temperature= 210 °C, mixing time= 10 mi~ut~~a~ds~r~wrpm::::. 51} 
Mica particles 
Mixing temperature= 210 °C, mixing time= 5 minutes and screw rpm= 70 
Slight reduction in aspect ratio of mica and poor dispersion 
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Mixing temperature= 210 °C, mixing time= 10 millut~s.and screw rpm= 70 · 
Reduction in aspect ratio of mica particles 
Figure 6.2 Effect of mixing at 210 °C, screw rpm of 50-70 and time of mixing (5-
10min) in Haake Rheocord.mixer 
Mixing temperature = 230 °C, mixing time = 5 minutes and screw rpm = 50 
Mica particles with low aspect ratio 
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Mixing temperature = 230 °C, mixing time ;, S rninJte; ~nd screw rpm = 70 
Mica with low aspect ratio 
Figure 6.3 Effect of mixing at 230 °C, screw rpm of 50-70 and time of mixing (5-
10min) in Haake Rheocord.mixer 
6.1.2. FTIR OF COMPOUNDED PP AND MICA COMPOSITES 
Adeniyi investigated the thermal and photo stabilities of unstabilized PP and 
ABS resin by IR spectroscopy. A common feature is that the spectra of 
degraded samples exhibited growth in the bands corresponding to the 
carbonyl group (1720 cm -1) [188]. Compounded samples were microtomed to 
a thickness of 1-2 microns and scanned to investigate the peaks 
corresponding to carbonyl group. Figure 6.4 to 6.7 show the spectra of the 
thin film of PP with mica compounded composite to trace the oxidation peak. 
The carbonyl peak was not observed for any of the samples. 
A similar investigation was carried out for ABS and mica composites. At 
temperatures above 220°C, the colour of the samples became darker. lt is 
considered that the ABS has undergone some degree of degradation, so the 
sample was tested by FTIR as seen in figure 6.8. 
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Figure 6.8 FTIR spectra showing the degradation in ABS composite 
The samples showed bands corresponding to polytrans-1 ,4-butadiene and 
polycis-1,4-butadiene, at 965 cm-1 & 910 cm -1 respectively. Also the carbonyl 
peak was observed between 1600 and 1800 cm·1• 
The Haake compounded samples were compression moulded at three 
different temperatures (190, 210, 230°C), keeping the pressure constant. 
During compression moulding all the conditions were maintained constant 
except the temperature. The breathing was done thrice. SEM micrographs of 
the pressed samples are shown in figure 6.9. Better alignment of the fillers 
was observed when they are pressed at 210 and 230°C. 
After optimising the compounding and processing conditions of mica in PP 
and ABS polymer matrices, nickel coated mica particles were loaded in these 
polymers to develop conducting polymer composites. 
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Compressed at 210 °C 
Compressed at 230 °C 
Figure 6.9 SEM of compressed and fractured samples of PP and mica (cross 
sectional) 
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6.2. PROPERTIES OF CONDUCTING POLYMER COMPOSITE 
6.2.1. MICROSTRUCTURE AND MORPHOLOGY·.··.· .... · 
'·!-· • :-· 
. . . . 
. '·. 
·,·,::: ; .:_: ' . :: : :'· . ' 
Microstructure of different weight fractions of 3oo/o nickel coated mica fracture . 
·.... .. ;. 
samples after compounding in a Haake mixer and compression moulding 
were studied using scanning electron microscopy to investigate morphology of 
composites as shown in figure 6.1 0. 
30% NCM (0.1 weight fraction) 30% NCM (0.2 weight fraction) 
30% NCM (0.3 weight fraction) 30% NCM (0.4 weight fraction) 
30% NCM (0.5 weight fraction) 30% NCM (0.6 weight fraction) 
Figure 6.10 SEM of cross sectional compressed and fractured samples of PP 
and 30% nickel coated mica at different weight fractions 
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The SEM photographs of two roll milled PP composites containing fillers 
coated with 45% nickel and 50% nickel are shown in figure 6.11 & 6.12. 
45% NCM (0.5 weight fraction) 
50% NCM (0.5 weight fraction) 
50% NCM (0.6 weight fraction) 
Figure 6.11 SEM of cross sectional compressed and fractured samples of PP 
and nickel coated mica at different weight fractions 
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In figure 6.1 0, it is seen that when 30% nickel coated on mica was 
incorporated in a PP matrix, a conductive network was observed with 0.5 and 
. . '· .. ·· 
0.6 weight fraction of the filler. With 50% nickel coated on mica, ,alignment of ... , : · ..
'. ;-',' .. ·--. . ' - . . .. 
mica flakes was observed as in figure 6.11. This' could assisfthe in electron . 
hopping mechanism resulting in a good conductivity. 
The SEM photograph of fractured and polished ABS composites containing 
fillers coated with 50% nickel is shown in figure 6.12 after compounding in a 
two-roll mill. This cross sectional view shows good alignment of filler particles, 
which would be expected to produce good conductivity. 
50% NCM (0.6 weight fraction) 
500""' 
Figure 6.12 SEM of compressed, fractured and polished samples of ASS and 
50% nickel coated mica (cross sectional) 
6.2.2. MECHANICAL PROPERTIES OF CONDUCTING COMPOSITES 
In order to study physical and mechanical properties of composites, tensile 
samples were made. Tensile properties of filled PP and ABS were determined 
using a Lloyd testing machine. The results are summarised in tables 6.1 & 6.2 
and in figures 6.13 & 6.14. 
Average of five values of the tensile strengths are taken for calculating the 
results. The typical stress strain curve is shown in appendix E. Results for the 
two composites are compared in figure 6.13. Tables 6.3 and 6.4 show the 
tensile properties of 45wt% and 50wt% nickel coated mica composites of 
polypropylene. 
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Table 6.1 Tensile properties of PP loaded with nickel (30%) coated mica 
Filler loading 
Max. Load Load @ Elongation Tensile in composite 
(Wt.Frac.) (N) Break (N) (%) Strength (MNm "2) 
pp 142.8 112.5 45.5 30.8 
0.1 127.2 98.8 22.5 27.3 
0.2 97.6 93.1 13 22.8 
0.3 79.8 75.9 10.5 19.9 
0.4 69.2 69.8 4 15.5 
0.5 55.9 48.2 3.5 11 .1 
0.6 42.7 39.5 3 9.4 
. Table 6.2 Tensile propert1es of PP loaded with nickel (40%) coated mica 
Filler loading 
Max. Load Load @ Elongation Tensile in composite 
(Wt.Frac.) (N) Break (N) (%) Strength (MNm '2) 
0.1 94.1 93.4 20.5 22.8 
0.2 80.9 81 .2 11 19.6 
0.3 75.6 69.3 6 17.9 
0.4 64.8 61 .1 3.5 15.3 
0.5 41 .9 40.3 3 10.1 
0.6 37.8 32.1 2.5 8.9 
Comparison of tensile strength of PP loaded with 
nickel coated mica 
35 
-~ 30 E 
z 25 ~ 
-
PP+30%NCM 
..c: 20 
-at 
c 
Cl) 15 ... 
-en 
Cl) 10 
·u; 
c 5 Cl) 
.... 
0 
0 10 20 30 40 50 60 
Weight fraction of nickel coated mica 
Figure 6. 13 Comparison of tensile strength of PP loaded with 30% and 40% 
nickel coated mica 
'EM/ properties of electro/ess nickel coated mica In different polymer matrices' 161 
Chapter6 Results - Development of conducting polymer composite 
Figure 6.15 and figure 6.14 compare the properties of 50 percent nickel 
coated mica composites prepared from ASS and PP. The tensile strength, 
elongation at break, extension at maximum load decreases with increase in 
the filler content. A fairly steady decrease with concentration in tensile 
strength was observed when 0.6 weight fraction of 50% nickel coated mica 
was incorporated in PP. Comparatively the tensile strength of ASS was found 
to be better than the PP composite. 
1.2 
1 
0.8 
a. 
1::: 0.6 
PP+30%NCM 
0 
~ 
0.4 
0.2 PP+40%NCM 
0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Weight fraction of NCM 
T c = Tensile strength of filled composite 
T p =Tensile strength of polymer 
Figure 6. 14 Comparison of relative tensile strength 
Table 6.3 Tensile properties of PP loaded with nickel (45%) coated mica 
Filler Max. Load @ Elongation Tensile loading in 
composite Load(N) Break (%) Strength 
(Wt.Frac.) (N) (MNm "2) 
pp 142.8 11 2.5 45.5 30.8 
0.4 60.2 58.8 3 13.8 
0.5 39.9 38.8 2.5 9.5 
0.6 35.1 30.6 2.5 7.9 
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Table 6.4 Tensile properties of PP loaded with nickel (50%) coated mica 
Filler 
Max. Load@ Elongation Tensile loading in 
composite Load (N) Break {%) Strength (MNm -2) {Wt.Frac.) {N) 
0.4 57.2 50.1 2.5 10.2 
0.5 36.4 35.1 2 7.2 
0.6 28.1 24.6 1.5 5.9 
Table 6.5 Comparison of tensile of ABS and PP 50 % nickel coated mica 
Filler loading in 
composite 
(Wt.Frac.) 
0 
0.4 
0.5 
0.6 
Tensile 
strength {MPa) 
Tensile Strength 
(MNm -2 ) 
ABS 
51 .6 
31 .5 
16.2 
12.1 
Tensile Strength 
(MNm -2 ) 
pp 
30.8 
10.3 
7.7 
5.3 
Virgin polymers Poly. +NCM Poly. +NCM Poly_ +NCM 
(0.4 wt. fraction (0.5 wt. fraction) (0.6 wt. fraction) 
I• Conducting composite of ABS Conducting composite of PP I 
Figure 6. 15 Comparison of tensile properties of ABS and PP with 50 % nickel 
coated mica 
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Flexural properties of filled PP and ABS containing nickel-coated mica are 
shown in table 6.6 & 6.7. Comparison of relative flexural modulus is shown in 
figure 6.16. Comparison of flexural modulus values of ABS and PP with 50 % 
nickel-coated mica is shown in figure 6.17. 
Table 6.6 Flexural properties of PP loaded with 30 % & 40% nickel coated mica 
PP with 30% nickel coated mica PP with 40% nickel coated mica 
Filler Flexural Flexural loading in Max. Load modulus Max. Load 
composite (N) (N/mm 2) (N) modulus (N/mm 
2) 
(Wt.Frac.} 
pp 31.7 679 31.7 679 
0.1 24.2 869 23.2 1161 
0.2 19.8 1050 14.3 1385 
0.3 9.53 1188 7.3 1629 
0.4 8.8 1276 6.1 1840 
0.5 8.6 1401 5.9 1969 
0.6 5.1 1646 4.1 2021 
Table 6. 7 Flexural properties of PP loaded with 45 % &50% nickel coated mica 
PP with 45% nickel coated mica PP with 50% nickel coated mica 
Filler Flexural Flexural loading in Max.Load modulus Max. Load 
composite (N) (N/mm 2) (N) modulus (N/mm 
2) 
(Wt.Frac.} 
0.4 6.9 1888 6.2 1965 
0.6 5.5 1989 5.9 2123 
0.6 4.9 2086 4.3 2145 
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a. 
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._ 
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w 
1 
0.5 PP+30%NCM 
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Percentage of nickel coated mica 
E c = Flexural modulus of the filled composite 
E p = Flexural modulus of polymer 
Figure 6. 16 Comparison of relative flexural modulus 
8000 
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Flexural 
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Poly. +NCM( Poly. +NCM Poly. +NCM 
Virg in polymers (0.4 wt. fracrfon ) (0.5 wt. fraction) (0.6 wt. fraction) 
Conducting composite of PP • Conducting composite of ABS I 
Figure 6.17 Comparison of flexural modulus of ABS and PP with 50 % nickel 
coated mica 
From the values it was observed flexural modulus increases with increase in 
the filler content as expected. An increase in modulus observed when 0.6 
weight fraction of 50% nickel coated mica was incorporated in PP. 
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Comparatively the flexural modulus of ABS was found to be better than PP 
composite. 
6.2.3. CRYSTALLISATION PROPERTIES OF PP COMPOSITES 
From DSC thermograms, Tm (melting temperature) and crystallisation 
temperature were recorded to investigate the crystallisation properties. The 
properties are shown in table 6.8 to 6.11. Comparison of the percentage 
crystallinity values was made as shown in figure 6.18. 
Table 6.8 Thermal properties of nickel coated mica (30%) with polypropylene 
Filler Melting Crystallisation % loading in 
composite temp.(°C) temp.(° C) Crystallinity 
(Wt.Frac.) 
pp 172°C 133°C 75.7 
0.1 172"C 132"C 78.6 
0.2 171°C 127°C 65.6 
0.3 170°C 126"C 65.2 
0.4 170"C 126°C 64.6 
0.5 169°C 126°C 64.4 
0.6 169"C 124"C 57.1 
Table 6.9 Thermal properties of nickel coated mica (40%) with polypropylene 
Filler Melting Crystallisation % loading in 
composite temp.(° C) temp.(° C) Crystallinity 
(Wt.Frac.) 
0.1 173°C 129°C 79.1 
0.2 171"C 124"C 68.6 
0.3 172°C 127°C 64.2 
0.4 172"C 124"C 64.6 
0.5 172°C 125°C 58.4 
0.6 171"C 124"C 53.2 
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Table 6.10 Thermal properties of nickel coated mica (45%) with po/ypropylene 
Filler Melting Crystallisation % loading in 
composite temp.(°C) temp.(° C) Crystallinity 
(Wt.Frac.) 
0.4 166.9°C 125°C 62.6 
0.5 168.2°C 128°C 57.2 
0.6 167.1°C 119°C 51 .2 
Table 6.11 Thermal properties of nickel coated mica (50%) with polypropylene 
Filler Melting temp. Crystallisation % loading in 
composite (oC) temp.(° C) Crystallinity 
(Wt.Frac.) 
0.4 165.7°C 122°C 56.1 
0.5 166.8°C 125°C 48.3 
0.6 166.3°C 123°C 41 .2 
70 
65 
60 
~ 
~55 
cu (ij 
t 50 
~ 0 
45 
40 
35 
0 .35 0 .4 0.45 0.5 0.55 0.6 0.65 
Weight fraction of filler 
~PP with 30%NCM - PP with 40%NCM 
_..,_ PP with 45%NCM PP with 50%NCM 
Figure 6.18 Comparison of percentage crystallinity of PP composite 
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As the filler loading increases, the melting temperature decreases to a very 
small extent but the heat of fusion and percentage crystallinity decrease 
drastically. Figure 6.18 clearly shows that when 0.6 weight fraction of 50% 
nickel coated mica is loaded in PP matrix, the crystallinity of the polymer 
comes down to 41%. Such a decrease in crystallinity could be one of the 
reasons for the reduction in the tensile properties of the PP composite. The 
DSC traces of the composite of PP with 30% nickel coated mica are shown in 
figure 6.19. 
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Figure 6.19 DSC of PP with different weight fractions 
of 30% nickel coated mica 
The DSC curves of PP with 40%, 45% and 50% nickel coated mica are shown 
in appendix D. In the case of ABS filled composite, the samples were heated 
and cooled twice a rate of 10 °C/minute and held for 2 minutes during heating 
and cooling stages as shown in figure 6.20. The DSC curves of the ABS 
composites are shown in figure 6.21. Glass transition temperatures of these 
composites are shown in table 6.12. lt is seen that the glass temperature was 
not affected by increase in filler loading. 
Table 6.12 Thermal properties of nickel coated mica (50%} with ABS 
Filler loading in Glass transtition composite 
IWt.Frac.l temp.(°C) 
ABS 10:r'C 
0.4 101°C 
0.5 101l'C 
0.6 105°C 
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Figure 6.21 DSC of ABS with 50% nickel coated mica with different weight 
fractions 
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6.2.4. HOT STAGE MICROSCOPY OF CONDUCTING COMPOSITE 
Spherulites are spherical birefringent entitles which have been observed in 
many crystalline polymers. If a thin polymer film, crystallising under controlled 
conditions, is observed under a microscope using crossed polars, nucleation 
and growth of spherulites can be observed. The most satisfactory approach to 
understanding the crystallization process is to study these two steps 
separately in the polarising microscope. Hot stage microscopy was used to 
study the effect of nickel-coated mica in the polymer matrix. Figure 6.22 to 
6.24 show the crystallisation characteristics of thin films of PP and PP with 
nickel-coated mica. 
Figure 6.22 shows the heating and cooling of thin PP films under the polar 
microscope. When PP film was observed under the microscope before 
heating minute crystals were noticed. Later when it was heated the bright 
spots disappeared completely at 160°C. The PP film was then cooled with a 
rate of 10°C/minute. The recrystallisation started at 140°C. In figure 6.23, 
during heating, the film of PP with 40% nickel coated mica had melted 
completely by 160°C and during cooling the recrystallisation begun at 140°C. 
Polymer and the filler formed separate phases, which could be clearly seen as 
in figure 6.24. Spherulites were not observed during heating but later 
appeared while cooling from 140 to 120°C with their size ranging from 110-
120 microns. 
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PP (cooling 170 DC) PP (cooling 140 DC) 
PP (cooling 130 DC) 
pp (cooling 120 DC) 
Crystal 
growth 
PP (cooling 100 De) 
Figure 6.22 Hot-stage microscopy of PP film at different temperatures 
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(Heating 100 °C) 
(Heating 160 °C) 
Results- Development of conducting polymer composite. 
(Heating 120 °C) 
(Heating 180 °C) 
(Cooling 140 °C) 
(Cooling 100 °C) 
(Cooling 180 °C) 
(Cooling 120 °C) 
Crystal 
growth 
Figure 6.23 Photographs showing the crystal growths in thin film of PP with 0.4 
weight fraction of 40% nickel coated mica (white arrows shows crystal growth) 
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Figure 6.24 Photographs showing the crystal growths in thin film of PP with 0.4 
weight fraction of 50% nickel coated mica (white arrows shows crystal growth) 
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6.2.5. VOLUME RESISTIVITY OF CONDUCTING COMPOSITES 
The electrical resistivities of the various PP and ABS composites are shown in 
tables 6.13-6.19. 
Table 6.13 Electrical properties of nickel coated mica (30%) with polypropylene 
Filler Volume Volume Volume Volume 
loading in resistivity resistivity resistivity resistivity 
composite (ohm-cm) (ohm-cm) (ohm-cm) (ohm-cm) 
(Wt.Frac.) Pressure = ST Pressure = ST Pressure= 10T Pressure = 20T 
T=1mm T=0.45mm T=1mm T=1mm 
pp 10 '[!) 
0.1 8.72 X 10 11 
0.2 7.24 X 10 11 
0.3 7.03 X 10 11 
0.4 6.86 X 10 11 6.74 X 10 11 6.23 X 10 11 6.84 X 10 11 
0.5 6.51 X 10 11 6.63 X 10 11 6.59 X 10 11 6.66 X 10 11 
0.6 6.23 X 10 11 6.29 X 10 11 5.99 X 10 11 5.39 X 10 11 
The values of volume resistivity in tables 6.13 & 6.14 show that conductive 
network is not formed with 30% or 40% nickel coating on mica. 
Table 6.15 compares the volume resistivity of composite of PP and 40% 
nickel coated mica fabricated by two different techniques. The samples 
fabricated using a two-roll mill showed better conductivity than samples with 
Haake mixer. 
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Table 6.14 Electrical properties of nickel coated mica (40%} with polypropylene 
Filler Volume Volume Volume Volume 
loading in resistivity resistivity resistivity resistivity 
composite (ohm-cm) (ohm-cm) (ohm-cm) (ohm-cm) 
(Wt.Frac.) Pressure = 5T Pressure = 5T Pressure = 1 OT Pressure = 20T 
T=1mm T= 0.45mm T=1mm T=1mm 
pp 10 10 
0.1 6.89 X 10 11 
0.2 5.62 X 10 11 
0.3 4.26 X 10 11 
0.4 3.66X10 9 4.51X10 9 4.21 X 10 9 4.01X10 9 
0.5 2.9X10 9 3.21 X 10 9 3.11X10 9 3.96 X 10 9 
0.6 9.55 X 10 8 9.89 X 10 8 9.77 X 10 8 9.97 X 10 8 
Table 6.15 Electrical properties of nickel coated mica (40%} with polypropylene 
processed in different processing techniques 
Weight Volume resistivity (ohm-cm) 
fraction filler Haake Two roll mill 
0.4 4.01X10 9 3.21X10 9 
0.5 3.96X 10 9 3.11 X 10 9 
0.6 9.97 X 10 8 1.71 X 10 8 
Table 6.16 Electrical properties of nickel coated mica (45%) with polypropylene 
Filler Volume· Volume Volume Volume 
loading in resistivity resistivity resistivity resistivity 
composite (ohm-cm) (ohm-cm) (ohm-cm) (ohm-cm) 
(Wt.Frac.) Pressure = 5T Pressure = 5T Pressure = 1 OT Pressure = 20T 
T=1mm T= 0.45mm T=1mm T=1mm 
0.4 8.62X10 8 7.01X10 8 6.29 X 10 8 4.99 X 10 8 
0.5 6.91X10 8 6.28 X 10 8 5.81X10 8 2.24 X 10 8 
0.6 7.55 X 10 6 7.09 X 10 6 4.77X10 6 1.87X10 6 
The values in table 6.16, confirm that with 45% nickel coating some 
conductivity could be achieved with 0.6 weight fraction of filler. 
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Table 6.17 Electrical properties of nickel coated mica (50%) with polypropylene 
Filler Volume Volume Volume 
loading in resistivity resistivity resistivity 
composite (ohm-cm) (ohm-cm) (ohm-cm) 
(Wt.Frac.) Pressure = ST Pressure= 10T Pressure = 20T 
T=1mm T=1mm T=1mm 
0.4 5.62 X 10 4 5.12X 10 4 1.8X10 4 
0.5 6.91 X 10 2 4.22X10 2 2.2 X 10 2 
0.6 9.6 X 10 8.2 X 10 7.7 X 10 
The values in table 6.17 show that better conductivity was achieved with 50% 
nickel in a PP matrix; so three different samples were made with different 
thickness and same compression pressure. As the thickness decreased the 
conductivity of the composite increased as shown in table 6.18. From tables 
6.17 &6.19, it could be observed that increase in pressure also resulted in 
better conductivity. 
Table 6. 18 Electrical properties of nickel coated mica (50%) with polypropylene 
to study the effect of thickness 
Filler loading Volume Volume Volume 
in composite resistivity resistivity resistivity 
(Wt.Frac.) (ohm-cm) (ohm-cm) (ohm-cm) 
Pressure = 5T Pressure = ST Pressure = ST 
T= O.Smm T=0.3mm T=0.2mm 
0.6 7.2 X 10 5.6X 10 4.1 X 10 
Table 6.19 Electrical properties of nickel coated mica (50%) with ABS 
Filler Volume Volume Volume 
loading in resistivity resistivity resistivity 
composite (ohm-cm) (ohm-cm) (ohm-cm) 
(Wt.Frac.) Pressure = ST Pressure= 10T Pressure = 20T 
T=1mm T=1mm T=1mm 
0.4 8.62X10 6 8.62 X 10 6 8.62X10 6 
0.5 6.91 X 10 4 6.84 X 10 4 4.98X10 4 
0.6 1.1X10 4 9.6 X 10 2 9.2X10 2 
Values in table 6.19 shows that good conductivity in ABS could be achieved 
with 50 % nickel coating. Even in ABS composite the conductivity values 
increased with increase in compression pressure. 
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6.2.6. MORPHOLOGY TO STUDY THE EFFECT OF PROCESSING 
TECHNIQUE, PRESSURE AND THICKNESS ON CONDUCTIVITY 
To study the effect of processing techniques on conductivity SEM analysis of 
the compounded composites was carried out. Figure 6.25 compares the 
morphology of composites compounded in a two roll and in a Haake mixer. 
(Aspect ratio & particle size of nickel-coated mica is lost) 
Figure 6.25.a. PP compounded with nickel coated mica in Haake 
(Aspect ratio & particle size of nickel mica is retained) 
Figure 6.25.b. PP compounded with nickel coated mica in a two-roll mill 
Figure 6.25 Comparison of morphology of PP with 40% nickel coated mica with 
different compounding techniques 
'EM/ properties of electro/ess nickel coated mica in different polymer matrices' 182 
Chapter6 . Results- Development of conducting polymer composite 
. .'· . 
. ·. · ... ·. F~om figure 6.25.a, it is very ~I ear that the particle size of nickel-coated mica 
becomes smaller when compounded in a Haake batch mixer. But when it was 
.. -compounded in a two-roll l')'lill, particle size was retained as in figure 6.25.b .. 
. . .. : .. ·. ' · .. - .. ' ' ' ' 
. -· .. -' . Approximately 2 grams of PP y_;ith 4o% nickel coatedmica processed with two . 
roll mill and Haake mixer were exactly weighed (accuracy of +0.001g) into 
silica crucibles and ashed in a fumace set at 850°C for 3 hours as per the 
British Standard BS 2782:Part 4: Method 454. After removing from the oven, 
the crucible with sample was placed in a desiccator for at least 1 hour to cool 
and then re-weighed. These ashed compounds were observed using a 
scanning electron microscope. 
Figure 6.26 SEM of a shed 40% nickel coated mica 
Figure 6.26 shows the SEM of ashed mica particle before compounding. 
Figure 6.27 compares the particle size of ashed nickel-coated mica with two 
different processing techniques. Figure 6.27 .a, is the one processed with the 
two-roll mill and figure 6.27.b is of Haake mixer. From the photographs it is 
clear that nickel coated mica had decrease in its particle size and aspect ratio 
after processing with Haake. 
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' .. ·' .. .. . . .. - ,- . - - , .. 
. .. '·: 
a) With two roll mill 
b) With Haake mixer 
Figure 6.27 Comparison of morphology of ashed PP with 40% nickel coated 
mica with different compounding techniques 
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The particle size of the ashed nickel coated mica was done and is shown in 
table 6.20 and in figure 6.28. 
Table 6.20 Particle size of ashed nickel coated mica 
Average 
Processing techniques particle size 
(microns) 
Mica 100 
Ashed nickel coated mica compounded in a Haake 37 
batch mixer 
Ashed nickel coated mica compounded in a two roll mill 75 
lt is observed that the particle size decreases from 1 00 microns to 37 
microns with Haake system the decrease is less significant with two-roll mill 
as in figure 6.28. 
Particle size 
(microns) 
Mica Ashed mica 
(Haake mixer) 
Ashed mica 
(Two roll) 
Figure 6.28 Particle size of ashed nickel coated mica with different processing 
techniques 
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6.2.7. SHIELDING EFFICIENCY OF CONDUCTING COMPOSITE 
Samples for EMI properties were fabricated as shown in figure 6.29. The EMI 
properties of PP and ABS composites are shown in figure 6.30 and 6.31 . 
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Figure 6.29 Samples for EM/ shielding 
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Figure 6.30 EM/ property of PP composite 
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Figure 6.31 EM/ property of ABS composite 
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Figure 6.32 Comparison of EM/ properties of PP composites produced with two 
different processing techniques 
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lt was observed that as the weight percent of nickel coated mica in PP 
increased the shielding efficiency of the material approached 29dB. But the 
shielding efficiency of ABS composite was found to be poorer as shown in 
figure 6.31. Figure 6.32 compares the shielding efficiency of PP composite 
processed with two different techniques. lt is very clear that when the 
processing of the composite was done in two roll mill the efficiency was found 
to be better than when processed with Haake mixer. 
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CHAPTER 7 
DISCUSSION DEVELOPMENT OF 
POLYMER COMPOSITES 
CONDUCTING 
7.1 INVESTIGATION OF COMPOUNDING CONDITIONS OF MICA 
IN PP AND ABS 
According to Okuno et al. [189] , it is possible to change the dimensions of 
relatively large mica particles significantly during compounding from 300Jlm to 
1 OOJ.!m. With twin-screw compounding and throat addition (addition at the feed 
zone) of mica, one can expect a 300Jlm mica in 30 weight percentage filled 
polypropylene to be reduced to about 100Jlm. Size reduction is not desired 
when it is required to maintain the aspect ratio to obtain the highest possible 
flexural and electrical properties [123]. So studies were made on 
compounding and processing conditions of PP and ABS with mica in a Haake 
mixer. 
Okuno et al. [189] and Boaira et al. (190] have noted a drop in strength for 
mica reinforced polypropylene in the absence of coupling agents due to poor 
bonding between the mica particles and polypropylene matrix. I! has been 
reported [114] that reinforcement by mica depends primarily on the aspect 
ratio of the flakes being used, besides other factors such as the proportion of 
the added filler, the degree of alignment of the embedded flakes. In general, a 
high aspect ratio (30-100) would impart a higher degree of reinforcement to 
the composite and the physical properties of the composite would lie between 
those of plastics reinforced with glass fibres and with mineral fillers like talc. 
Another problem associated with thermoplastics, in particular, is that 
compounding and processing conditions might lead to degradation of flakes 
under stress thus lowering the aspect ratio. 
Investigations on mica flake-filled polypropylene revealed that the 
microstructure of a composite is extremely important in understanding the 
dispersion of filler in a fractured polymer composite. The orientation of mica 
flake in polymer composites has not been studied in detail. Malik and 
Prudhomme [191] used wide angle X-ray diffraction for quantitative 
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measurement of the orientation distribution function of mica flakes in 
compression moulded polymer composites. SEM micrographs for samples 
produced different compounding conditions in Haake batch mixer are given in 
figures 6.1 to 6.3. Micrographs in figure 6.1 shows that when compounding 
was done at 190°C, mica particles retained the particle size after 
compounding but the dispersion was observed to be poor at a mixing time of 5 
minutes and rotor rpm of 50 and 70. This could be because the shear was not 
enough to distribute the mica particles in the polypropylene matrix. With 70 
rpm, the particle size of mica decreased as shown in figure 6.3 since the 
shear experienced by the mica paricles is higher than at 50 rpm. The 
interaction between the filler and the polymer matrix appears to be adequate 
at 210°C, 50 rpm and mixing time for 10 minutes as in figure 6.2. FTIR peaks 
in figures 6.4 to 6.7 showed that the carbonyl peak was not observed at 1760 
cm-1 in the thin films of mica loaded polypropylene composites when 
compounded at different condition as discussed before. A carbonyl peak was 
observed at 1760 cm-1 for an ABS and mica composite when compounded at 
220°C which denotes the degradation of the polymer. 
7.2 INVESTIGATION OF PROCESSING CONDITIONS OF MICA 
IN PP AND ABS 
For thermoplastics, the usual fabriation method is injection moulding. Although 
this technique is successful it has its disadvantages. The main disadvantage 
is the mechanical damage done to the mica platelets resulting in a decrease 
in the aspect ratio and poor mechanical properties of the reinforced 
composites. According to Maine et al. [6], it is difficult to control reinforcement 
orientations and this could reduce the modulus. Bajaj et al. [114] reported 
better reinforcement and degree of alignment of the embedded flakes for 
compression moulded samples than for injection moulded samples. For 
conducting polymer composites, alignment of fillers are very important to form 
a good conducting network. Figure 6.9, shows the cross sectional SEM 
micrographs of compressed and fractured samples of mica and polypropylene 
compounded composites. Better alignment was observed when compressed 
at 230°C. Such alignment in a conducting polymer composite could be very 
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helpful in the formation of conducting path for the flow of electrons, thereby 
increasing the conductivity of the conducting composite. 
7.3. PROPERTIES OF NICKEL COATED MICA IN PP AND ABS 
7.3 1. MORPHOLOGY OF NICKEL COATED MICA IN PP AND ABS 
Investigation of 30 weight %, 45 weight % and 50 weight % of nickel coated 
mica in polypropylene revealed that the fillers provided more reinforcement to 
the composite which might improve conductivity as well as providing better 
transmission of load between the mica particles and the matrix. The 
improvements in the above two properties are shown in tables 6.18 and 6. 7 
respectively. 
Figures 6.10 and 6.11 shows the SEM photographs of the fractured PP with 
different weight fractions of nickel coated mica. lt can be observed that the 
mica flakes in both composites are aligned almost parallel to each other, the 
orientation of the mica flakes appears to increase with the filler concentration. 
When the nickel coated mica concentration is lower, separate mica flakes 
exist in the matrix. However, the composites contain some clusters or 
agglomerates of the flake having different extents of alignment. The surfaces 
of nickel coated mica in the micrograph are clear, there is no polymer 
adhering to the nickel coated mica flakes, suggesting that the interfacial 
adhesion between the polymer and nickel coated mica is poor. This is 
confirmed by the reduction in the mechanical properties of composites of PP 
and ABS. 
Figure 6.12 is the SEM of a compressed, fractured and polished sample of 
ABS and 50% nickel coated mica (0.6 weight fraction). This shows good 
alignment of the filler particles which would be expected to produce good 
conductivity. 
Das et al. [78] in one of their studies proved that though the distribution of 
conducting filler in a composite is random, the alignment of filler in the 
composite would increase the formation of a good electrical network to 
improve the conductivity. 
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7.3 2. MECHANICAL PROPERTIES OF NICKEL- COATED MICA IN 
PP AND ABS 
Yen et al. [1 09] showed the effects of nickel coated carbon fibre on the 
mechanical properties of composites. A higher aspect ratio could impart a 
higher degree of reinforcement to the composite, whose physical properties 
would lie between those of plastics reinforced with glass fibres and those with 
mineral fillers, such as talc. The tensile strength declines with the increase in 
the loading of filler in the composite. The fall may result from the poor 
adhesion between fibres and the matrix. 
The tensile strength and breaking elongation of composites were determined 
and are presented in tables 6.1 - 6.5. The relative tensile strengths are shown 
in figure 6.13 and 6.14. The strength registered a rapid decrease which 
indicates that a weak structure is formed upon addition of nickel coated mica 
into polypropylene and ABS. Debonding of nickel particles from the PP matrix 
and ABS matrix may be one of the contributors to this weakness, which 
manifests itself by the creation of discontinuities (which in turn introduces 
points of stress concentration) at the filler-polymer interphase [96]. 
1.2 - • - Experimental 
1 - Nielson model 
0.8 
a. 
~ 0.6 
> 
0.4 
0.2 
0 
0 0.02 0.04 0.06 0.08 0.1 0.12 
Volume fraction of filler 
Figure 7.1 Variation of relative elongation at break of PP composites versus Cl>f 
(Nielsen model) 
Composition dependence of yield strain is described under the asumption that 
at the considerable deformations of yielding only the polymer matrix deforms 
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and the rigid filler does not. This strain magnification of the matrix increases 
with increasing filler content. One of the equations based on this principle was 
derived by Nielsen as shown in equation 7.1. Figure 7.1 presents variation of 
breaking elongation against <l>t which shows a decrease in elongation with 
increase in nickel coated mica content. 
Comparison of the data with Nielsen model for perfect adhesion in equation 
7.1 shows a general good trend, the predicted values being slightly less than 
those at higher concentration than the experimental results. This indicated 
that there is no interference by the nickel-coated mica particles to molecular 
deformability of the polymers. 
I Yc/Yp = 1-ct>1113 
Ye= Elongation at break of PP composite 
Yp = Elongation at break of PP 
.. (7.1) (192) 
it should be noted however, that this equation assumes that elongation at 
break of the matrix remains unchanged. This will not apply because of 
changes in crystallinity. Table 6.8 shows that the sample with nickel-coated 
mica with PP does not have the same value of crystallinity with PP polymer. 
it has been demonstrated that in the filled composites [192] stress 
concentration points are introduced through dewetting of the filler from the 
polymer and these will create discontinuities in the structure rendering it weak. 
In a two-phase composite, if the dispersed phase has to contribute to 
mechanical or other properties to any extent, two essential requirements are, 
maintenance of continuity and/or interfacial adhesion or interaction with the 
continuous phase. More attempts have been made at predicting and 
analysing the ratio of elongation. The most frequently applied correlation was 
developed by Nicolais and Narkis. They assumed that filling decreases the 
effective cross-section of the matrix which carries the load during deformation. 
Assuming a certain arrangement of the particles they calculated this cross 
section and from that dependence of tensile strength on composition, as 
shown in equation 7.2. 
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The tensile strength data obtained for a set of compounds were applied to a 
selection of the predicted models found in the literature and are compared as 
shown in figure 7.2 and 7.3. The models used to study the effect of filler 
loading on the stress are shown below: 
1. Nicolais-Narkis: Tcffp = 1-1 .21 <P1 213 
2. Danusso-Tieghi: Tcffp = (1- <P1)/(a+b <Pr+e<P12) 
--Exoerimental 
(7.2) (192) 
(7.3)(192) 
- Nicolais-Narkis model 
1.2 
1 r-~rw~--~~-~--~-~~~~ 
0.8 
Q. ta 0.6 
~ 
0.4 
0.2 
0 +------.-----.------~----~-----. 
0 0.02 0.04 0.06 0.08 0.1 
Volume fraction of filler 
Figure 7.2 Relative tensile strength of PP composite versus <l>f (Nicolais-Narkis) 
a,b and care dependent upon particle packing and adhesion, for cases of no 
adhesion c=O. The values of the variables a,b and c used to obtain were taken 
from the literature[198] and are as follows: a=0.8 and b=1 . No physical 
significance is given for these parameters, but they are referred to as 
accounting for critical effects [192). Experimental data with Nicolais-Narkis 
model followed the trend and showed a perfect fit. But deviation was noticed 
when the Danusso-Tieghi model was used. 
Boaira et al. worked on the mechanical properties of mica in polypropylene. 
Addition of mica to polypropylene yields a composite with modulus 
significantly higher than that of pure polypropylene. A similar improvement in 
the modulus on addition of mica has been reported in a previous investigation 
[190]. 
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Figure 7.3 Relative tensile strength of PP composite versus ct>f (Danusso-Tieghi 
model) 
A plot of flexural modulus is shown in figure 6.16 and tables 6.6 and 6.7. The 
modulus showed a sharp increase. lt is well known that although the 
molecular interaction forces in the hydrocarbon polymer are very low, because 
of the inherent tendency of crystallisation of the molecules, the polymer 
displays useful mechanical properties [96]. Incorporation of foreign inclusions 
such as filler and additives would interfere with the crystallisation reducing in 
the process the strength properties. Compensation for this decrease in 
crystallisation by any other means, e.g., by increasing interfacial interaction of 
polymer with the inclusion, may under favourable circumstances retain the 
modulus of the polymer to a large extent. Thus, the polymer-inclusion 
interphase assumes much importance in determining the modulus properties 
of PP and ABS based composite blend systems. In figure 6.16, modulus 
values of ABS composites were better than PP composites as expected. 
lt is interesting to note that in the PP/nickel coated mica composites despite 
the decrease in tensile and percentage elongation, flexural modulus 
registered improvement. In the three-point loading type of flexural test 
performed in this study, the surface of the loaded sample undergoes 
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compressive deformation while tensile deformation is displayed by the 
opposite surface [96]. lt is well known that in tension any flaw or defect in the 
composite body will magnify, whereas in compression the defect will not 
weaken the structure and will rather be plugged. Thus, the modulus of the 
composite is a consequence of the increased hindrance of molecular 
deformability of polypropylene in the presence of rigid and incompressible 
nickel coated mica particles. So, flexural modulus increase in the composite. 
Similar results were reported by Mani et al. [193] in unsaturated polyester-
calcium carbonate systems and by the authors in isotactic polypropylene 
composites. 
7.3.3. THERMAL PROPERTIES OF NICKEL-COATED MICA IN PP 
ANDABS 
Figure 6.18 shows the crystallisation and recrystallisation peaks of PP and 30 
weight% of nickel coated mica composites. Thermograms for 40 weight%, 45 
weight% and 50 weight% are shown in appendix D. 
Shicia [194] investigated the crystallinity dependence of composition for PP 
and mica composites. lt was reported that mica acts as a nucleating agent for 
PP, but it has been suggested that the nucleation properties of the filler are 
different from those of treated mica. Garton [195] has indicated that the 
nucleation effect was greatly diminished when mica was treated with a 
. coupling agent. Whether or not a mineral filler treated with a coupling agent 
possesses the function of a nucleating agent may depend on the thickness of 
the coating layer on the surface if mica. The nucleating effect would reduce for 
thicker layers of coupling agent. 
Table 6.8 to table 6.11, show that the crystallisation temperature decreased 
with increase in the filler concentration of nickel coated mica. Also with 
increase in the weight fraction of filler the crystallinity decreased due to the the 
restriction of the nickel coated mica on the movement of the molecular chain 
of the polymer. This indicates that a weak structure is formed upon addition of 
nickel coated mica into the polypropylene matrix. Debonding of nickel coated 
mica particles from the polypropylene matrix may be one of the contributors to 
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this weakness. Possibly, this debonding or lack of interaction between nickel 
particles and PP matrix is an outcome of crystalline nature of the polymer, so 
that the polymer will tend to crystallize excluding the coarse nickel particles as 
impurities. In the process, over all crystallinity will decrease giving lower 
tensile strength. So with nickel coated mica in the polypropylene matrix 
nucleation effect was not observed. Filler loading in ABS did not result in any 
big change in the glass transition temperature of the composite. 
7.3.4. HOT-STAGE MICROSCOPY OF NICKEL-COATED MICA IN PP 
Hot stage microscopy photographs as in figures 6.22 to 6.24, show the lack of 
interaction between nickel coated mica and polypropylene matrix. This could 
indicate the interference of nickel coated mica particles to molecular 
deformability. 
In figure 6.22 (PP film), while cooling the PP film on a hot stage, the growth of 
sperulites was observed at approximately 130°C which matched with the DSC 
result as shown in figure 6.19. Also dewetting of the nickel coated mica from 
the polymer coupled with agglomeration of the filler was noticed while cooling 
the thin film of nickel coated mica and PP composite as shown in figure 6.22 . 
From figure 6.23 it is clear that during cooling the composite film formation of 
spherulites were observed and nickel coated mica concentrated on the 
amorphous region of PP matrix. 
7.3.5. ELECTRICAL PROPERTIES OF NICKEL COATED MICA IN PP 
AND ABS 
The primary reason for adding metal particles to a polymer is to enhance the 
electrical characteristics of polymer. The addition of a conductor to an 
insulator affects the electrical properties of the composite according to the 
degree of filling and proximity of conductive particles to other conductive 
particles. lt has shown that the sharp change from an insulator to a conductor 
is due to the formation of a network among the conducting filler particles. 
Network formation has most frequently been treated as a percolation 
process[196]. 
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Tables 6.13 to 6.19 show the volume resistivity of the composites for EMI 
shielding applications. Initially, at very low filler loading, the resistivity of the 
composites is nearly equal to that of the base polymer. The resistivity, 
however, falls when the nickel coated mica content reaches a particular value. 
After this transition, the change of resistivity with nickel coated mica is again 
marginal. At low levels of nickel coated mica, the conductive particles are 
surrounded by the insulating polymer, i.e., the conductive particles are 
isolated from each other and the resistivity of the composites is nearly equal 
to that of the corresponding pure polymer matrix as shown in table 6.13 i.e., 
PP has a volume resistivity of 1016 ohm-cm and 0.6 weight fraction of 30% 
nickel coated mica in polypropylene has the volume resistivity of 1011 ohm-
cm.The incorporation of conductive filler in the insulating polypropylene and 
ABS matrices reduces the resistivity of the system. As filler loading increases, 
mutual contact occurs to an increasing extent between the conducting nickel 
coated mica flakes, and a sharp drop in the resistivity is observed at a certain 
filler concentration, called the percolation limit as in table 6.17 and 6.18. This 
sharp break in the relationship between the filler content and the electrical 
resistivity of the composites indicates that some drastic change occurs, viz, 
continuous contacts are made between adjacent particles to form conductive 
network, which facilitate the electrical conduction through the composites. 
lt is reported [78] that complete wetting of the surface of the conducting filler 
by the polymer results in the formation of skin which eliminates the 
connectivity responsible for percolation and results in high resistance. Hence, 
such skin effects may change the conductivity mechanism and alter the 
geometry of particle-particle contacts, which lead to a broad transition and a 
high critical weight fraction for percolation. Bigg et al. [58] proved that 
polyolefins and ABS do not readily wet most metals. Another factor which 
influence the composite behaviour of metal filled polymers is the morphology 
of the polymer. Two-phase polymers, such as semicrystalline polymers and 
certain phase-separated block and graft copolymers, can segregate small 
fillers into amorphous regions of semicrystalline polymers and soft or uncross-
linked regions of the block and graft copolymers. In such polymers the critical 
concentration required to reach network formation is less than in a purely 
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amorphous polymer where maximum dispersion is achieved. The larger the 
filler particle is, however, the lower is the segregation effect. So a conductive 
network is not formed with the composite containing 30% and 40% nickel 
coated mica in PP and ABS. But the electron transport was possible when the 
nickel coating reached 50%, which is the percolation threshold concentration 
of the nickel coated mica for PP and ABS for elecromagnetic shielding 
applications. 
Results in table 6.17 and 6.19 shows that volume resistivity decreases with 
increase in weight percentage. The threshold concentration is shown in figure 
7.4. But, it is seen that lower resistivities are found in polypropylene 
composites than in ABS composites under similar conditions. 
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Figure 7.4 Plot of resistivity versus volume % of nickel-coated mica in different 
polymers 
The former is semicrystalline, so it is likely that in this case a conductive 
network is formed by the concentration of filler in amorphous regions, while in 
amorphous ABS the nickel coated mica will be distributed throughout the 
polymer matrix as explained by Reboul et al. [197]. The percolation threshold 
concentration of PP and ABS composites were 12-16 and 15-18 volume 
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percentage respectively. The percolation threshold also matched with the 
studies of Kortschot et al. [123]. 
7.3.6. EFFECT OF PRESSURE ON CONDUCTIVITY OF THE 
COMPOSITE 
Pressure has a significant effect on the resistivities of conductive polymer 
composites, which depends upon the magnitude of the applied stress and 
nature of the dispersed conductive additives [78]. lt is generally observed that 
the resistance can change by several orders of magnitude. The resistivity of 
the conductive composite is very much dependent on the type of polymer 
matrix as well as the conductive filler loading. 
Variation of resistivity with applied pressure of composites is shown in tables 
6.16, 6.17 and 6.19. The resistivities of all composites decrease slowly as the 
pressure is increased. This effect of applied pressure on resistivity follows a 
similar pattern at the different filler loadings. Thus in each case there is a 
critical pressure for a good network formation. However, when the applied 
pressure is increased above this critical value, the change in resistivity with 
pressure is appreciable. In these composites, nickel coated mica and polymer 
chains are interlinked. In table 6.19, 0.6 weight fraction of 50% nickel coated 
mica has the volume resistivity of 1.1 X1 04 ohm-cm. But, as the pressure 
increased from 5T to 20T, the volume resisitivity is 9.2X102 ohm-cm.The 
application of pressure causes movement of the polymer chains, which helps 
in the formation of a good network structure of the conductive filler. The 
change in resistivity with pressure can be explained by considering two 
phenomena that occur in the system; the breakdown of existing conducting 
pathways, and the formation of new conducting paths. The formation of these 
continuous conducting paths occurs not only by direct contact between 
electrically conductive particles dispersed in the polymer matrix, but also by 
electrons jumping easily across the gaps when the interparticles distances are 
nanometers as explained before. Thus, there is a threshold value for the 
interparticle gap, which is electrically equivalent to the occurence of 
interparticle contact. The resistivity should decrease with increasing pressure, 
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because pressure causes the average gap between the conductive particles 
to decrease as observed in table 6.17 and 6.19. 
So from tables 6.17 to 6.19, the performance of nickel coated mica flake with 
50 weight percentage of nickel was almost identical to that of commercial 
aluminium flakes. This is expected since the aspect ratio of the coated mica is 
quite similar to that of aluminium flakes, both being about 20 to 50 [121 ,123]. 
7.3.7. EFFECT OF PROCESSING ON CONDUCTIVITY OF THE 
COMPOSITE 
Spherical particles and irregularly shaped particles can be mixed into the 
polymer by the same method used to incorporate more common fillers. These 
techniques include internal batch mixing (Haake mixer), two roll milling or 
extrusion compounding. Shaped fillers such as flakes and fibres must be 
handled more cautiously. Very small flakes can be handled as fillers, whereas 
large flakes and fibres must be added to the polymer in a manner designed to 
reduce damage to the particles. Figure 6.25 compares the morphology of PP 
with 40% nickel coated mica using different processing techniques. Figure 
6.25.a. show that the partcle size of nickel coated mica is reduced when the 
composite was compounded in Haake batch mixer, which is not preferred for 
a good conductive network. The SEM micrograph in 6.25.b shows that the 
particle size of nickel coated mica is retained after compounding on a two roll 
mill. lt was confirmed that polymers compounded on the two roll mill had 
better conductivity than those produced in the Haake batch mixer as shown in 
table 6.15. Since the filler experience higher shear in the Haake mixer, their 
aspect ratio and the particle size is reduced. 
Figure 6.27 compares the micrograph of ashed PP with 40% nickel coated 
mica prepared using different compounding techniques. More damage to the 
flake structures was observed after compounding in Haake batch mixer than 
in two roll mill. Also the average particle size of ashed polymer composite 
processed in the Haake batch mixer was 37.5 Jlm compared to 75.1 Jlm for 
the filler compounded in a two roll mill. The reason for the damage to the 
flakes could be shearing forces of the melting pellets on the nickel coated 
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mica flakes. lt is not surprising that the twin screw Haake batch mixer 
compounder breaks the flake to a greater extent than the two roll mill. In the 
batch mixer the polymer pellets are melted in a higher shear fields than on the 
two roll mill. 
7.3.8. SHIELDING EFFICIENCY OF THE COMPOSITE 
The origins of EMI SE are basically electrical in nature with unwanted 
emission being either conducted or radiated. As the radiation is incident on 
the electrically conductive composite a portion of it is reflected, another 
portion is absorbed and the remaining part is transmitted. For a good, 
electrically conducive composite the proportion of transmitted radiation should 
be low to give high sheilding efficiency. 
Electromagnetic interference behaviour of nickel coated fillers received 
considerable attention and was studied thoroughly. The microwave 
transmission losses of the filled plastic materials within the range of 0.1-20 
GHz, at room temperature were measured and the values are as shown in 
figure 6.29-6.32. The test samples are assumed to be isotropic and 
homogeneous. 
The shielding effectiveness of 0.6 weight fraction of 40% nickel coated mica 
with PP was found to be 9.1dB for the frequency range of 750 - 2000MHz. 
The value was found to be consistent across this frequency range. 0.6 weight 
fraction of 45% nickel coated mica had shielding efficiency of 10.1 dB. This 
result was consistent between 500 to 2000MHz. 0.6 weight fraction of 50% 
nickel coated mica showed the maximum value of shielding effeiciency of 27.8 
dB at 1 OOOMHz, but, there was a variation observed as a factor of frequency. 
0.6 weight fraction of 50% nickel coated mica with ABS shielding efficiency of 
16dB when compared to 27.8dB with PP. This could be because PP is a 
semicrystalline two-phase polymer which might disperse flakes into 
amorphous region to form a better network than in a purely amorphous 
polymer like ABS. 
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Figure 7.5 compares the volume resistivity and shielding efficiency of PP 
composites. Figure 6.32 compares the shielding efficiency of 0.6 weight 
fraction of 40% nickel coated mica compounded by two different techniques. 
Composite compounded with two-roll mill had shielding efficiency of 9.1 dB 
when compared to 7.5dB of Haake mixed system. This could be the reduction 
in the particle size of nickel coated mica in the Haake mixer makes the 
composite more transparent to radio waves with poor shielding properties. 
The major drawback in this system is the test would not identify any 
aniostropy in the properties of the materials which is very common in filled 
polymer composites. 
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The purpose of this project is to improve the conductivity of nick~ I coated mica 
in different polymer matrices to improve the electromagnetic shielding 
properties. This thesis consists of two separate studies; first is the 
optimisation of the electroless nickel coating on mica and the second is the 
development of conducting composites. 
8.1. OPTIMISATION OF ELECTROLESS NICKEL COATING ON 
MICA 
The aspect ratio of mica TK100C-100201 was found to be 37:1 by a two-
beam interferometry technique. 
LIMA techniques confirmed that mica could be sensitised and activated by 
Niklad 261 and Niklad 262 solutions respectively. Macuplex catalyst solution 
is designed for a continuous process. The mica particles do not require any 
separate treatments like sensitisation and activation. Therefore, the time 
required for pre-treatment was found to be much less when compared with the 
two pack pre-treatment solution. Oxidation of this treated mica is possible with 
two packs and not the one pack. The possibility of such oxidation could exist 
with the two-pack system that could reduce the crystallinity of the nickel 
coating. Adsorption of palladium as catalytic site confirmed by LIMA is an 
important step for electroless nickel coating. 
FTIR peaks and ICP analysis of sediments and Niklad 795 (electroless nickel) 
solution confirm the presence of various decomposed traces of salts that 
affect the electroless coating technique. Compositions of ELNIC A and ELNIC 
B by FTIR and ICP technique show a good combination of compounds for an 
effective electroless nickel coating. 
Magnetic stirring of the electroless nickel bath resulted in more uniform 
surfaces and dispersion of nickel on the surface. Lowering the pH to 4 could 
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lead to rough deposits and increasing the pH resulted in uncontrollable 
exothermicity. From the values of volume resitivities and surface morphology, 
it is seen that a conductive network path is achieved only when coating was 
done at 90°C and pH of 5. 
The weight % of nickel deposited on mica increased with increase in the 
concentration of electroless nickel solution. The effectiveness is confirmed by 
the values of volume resistivity. The values of conductivity from Macuplex and 
ELNIC systems produce a conductive network with the percolation threshold 
of 6-10 volume percentage of filler. The thickness of the nickel coating from 
the cross-sectional view was found to be 0.3-0.5 microns. The amount of 
nickel required to produce conductive filler is lower when a one-pack activator 
and ELNIC solution are used. 
XRD analysis shows the structure of the coating varies with pH of bath. The 
lower the pH, the more is the amount of phosphoros present in the system 
and the lower the crystallinity of the coating. 
The structural analysis indicated that Ni-P film after coating could be a mixture 
of amorphous and microcrystalline phases. Heat treatment to 300°C resulted 
in increased in conductivity of nickel-coated mica. The formation of a larger 
proportion of Ni3P and NiO above 300°C resulted in decreased in conductivity. 
8.2. DEVELOPMENT OF CONDUCTING COMPOSITES 
Investigation on microstructures of mica flake-filled PP and ABS revealed that 
fabrication of samples using compression moulding resulted in better 
alignment of flakes of mica. 
The surface of nickel-coated mica in the micrograph is clear showing that 
there is no adherence of polymer to the nickel-coated mica flakes, suggesting 
that the interfacial adhesion between the polymer and nickel coated mica is 
poor. This is confirmed by the reduction in the mechanical properties of 
composites of PP and ABS. Debonding of nickel particles from the PP and 
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ABS matrices may be one of the reasons for this weakness. Though the 
composites were brittle the modulus values increased. 
Models like Nielson, Nicolais-Narkis and Danusso-Tieghi predicting tensile 
strength and elongation at break have been applied to the results. More 
appropriate models can be made to fit experimental data by selectively 
altering the variable coefficients. 
The percentage crystallinity decreased with increase in filler concentration due 
to the restriction by the nickel-coated mica of the movement of the polymer 
chains. The more brittle compounds have a lower degree of crystallinity. 
Interference of nickel coated mica particles to molecular deformability of the 
polymer was confirmed by hot stage microscopy. 
At low levels of nickel-coated mica, the conductive particles are surrounded by 
the insulating polymer, i.e., the conductive particles are isolated from each 
other and the resistivity of the composites is nearly equal to that of the pure 
polymer matrix. As filler loading increases, mutual contact occurs to an 
increasing extent between the conducting nickel-coated mica flakes, and a 
sharp drop in the resistivity is observed. The percolation threshold 
concentrations of PP and ABS composites were 12-16 and 15-18 volume 
percentage respectively. 
Better conductivity was achieved in PP than in ABS, probably because the 
filler is confined to amorphous regions so that a conductive path is established 
more easily. 
The application of pressure causes movement of the polymer chains and 
alignment of conducting filler, which helps in the formation of a good network 
structure of the conductive filler. The increase in pressure causes the average 
gap between the conductive particles to decrease. 
The reason for the damage of flakes in Haake mixer is because of the 
shearing forces of the melting pellets on the nickel coated mica flakes. 
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Composites compounded on a two-roll mill had shielding efficiencies of 9.1 dB 
when compared to 7.5dB using the Haake mixer. 0.6 weight fraction of 50% 
nickel coated mica with ABS had a shielding efficiency of 16dB when 
compared with 27.8dB for a PP based composite. This is because PP is a 
semicrystalline two-phase polymer, which might disperse nickel-coated mica 
flakes into amorphous regions to form a better network than in an amorphous 
polymer like ABS. 
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CHAPTER 9 
SUGGESTIONS FOR FUTURE WORK 
To get a more thorough understanding of the electroless coating system 
studied here, it is suggested that the following work could be carried out 
• Investigate the effect of different processing techniques like injection 
moulding and extrusion of the composite on conductivity of nickel-
dated mica composite. 
• Use a more sensitive apparatus to gain more information to understand 
the volume resistivity of nickel coating on mica. 
• The temperature dependence of volume resistivity of the nickel-coated 
mica filled composites could be interesting to study the positive 
temperature coefficient effect. 
• Duplex coating of Ni/Ag or Ni/Cu could be carried out on mica particles 
to improve the conductivity. 
• The effect of orientation on conductivity of nickel-coated mica 
composite could be studied by stretching the samples uniaxially and 
biaxially. 
• Studies to improve the mechanical properties of the conducting 
composite by investigating the adhesion of the nickel-coated filler to the 
polymer matrix. 
• The selective localisation of nickel-coated filler at the interface of 
polymer blends could be investigated to reduce the percolation 
concentration. 
• Studies on blends of nickel-coated mica with nickel-coated graphite 
fibres may be more meaningful for the application where better 
retention of impact strength of the conducting composite is required. 
• Monte Carlo Method could be used to study computer percolation 
simulation of the electrical conductivity of polymer composites 
containing nickel-coated mica fillers to maximise the shielding 
efficiency of the composites. 
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• The existing models like Nielsen's, Nicolais-Narkis and Danusso-Tieghi 
fits the experimental values. But, there are models containing 
parameters to account for anisotropic fillers, a model could not be 
found which included parameters to account for the other factors such 
as polymer orientation, strength of interaction and filler dispersion. 
Determination of such parameters and their application to a model such 
as Turesanyi-Pukanszky-Tudos would aid the fitting of the experimental 
data. 
• The concept of depositing a monolayer of electroless nickel on 
polymeric spheres could be studied for a continuous metal network in 
the polymer matrix. 
• Electroless plating of nickel could be investigated on polymers after 
surface grafting e.g. modifying polyimide films by surface grafting with 
tertiary and quaternary amines or with argon plasma treatment. 
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Table A.1. Aspect ratio of mica particles 
. opo' , Thickness ·[ Diameter < A B (Microns)· ... · (Microris) . DIT 
...... 
13.4 15 233.4 7.8 . 132 . 16.9 
9.8 10.8 123.4 4.1 170 41.4 
7.2 9.5 80.9 2.7 158 58.5 
5.6 6.2 40.4 1.5 150 111.1 
13.6 14.8 233.4 7.8 178 22.4 
13.6 15.3 241.3 8.2 170 21.3 
6.7 8.1 63.3 2.2 158 74.5 
14.8 16.2 277.1 9.1 226 24.5 
6.6 8.4 65.3 2.9 136 62.1 
9.8 10.5 125.4 4.2 136 32.2 
16.4 18.3 36.5 11.1 226 19.6 
16.2 17.8 332.6 11.5 178 16.4 
14 15.4 249.6 8.2 226 27.6 
8.5 10.1 100.4 3.7 164 48.9 
9.3 10.7 116.6 3.8 164 42.9 
7.2 9.1 77.5 2.2 230 89.2 
10 11.2 130.6 4.4 226 52.2 
9 10.4 109.2 3.4 94 25.2 
7 8.3 68.6 2.7 136 59.9 
7.7 8.9 80.4 2.8 158 59.2 
8.1 9.7 91.6 3.6 178 58.5 
8.6 9.9 99.5 3.9 154 46.6 
10.9 11.9 150.5 5.1 166 33.6 
10.4 11.8 142.9 4.1 120 25.2 
10.8 11.9 149.3 4.7 191 38.7 
9.8 10.9 124.2 4.2 82 19.9 
7.4 9.1 79.5 2.6 140 53.1 
4.9 5.8 33.4 1.1 100 90.9 
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9.4 10.9 119.9 3.4 170 42.7 
11.5 12.9 172.9 5.6 220 38.8 
5.8 6.9 46.7 1.3 136 87.1 
13.5 15.1 236.1 7.7 226 28.9 
9.4 10.8 118.9 3.5 158 40.5 
9.2 10.3 110.8 3.8 140 38.6 
9.5 10.8 119.9 3.4 164 41.6 
5 6.1 35.8 1.5 74 61.2 
9.1 10.3 109.4 3.4 132 36.6 
7 8.2 67.2 2.8 70 31.7 
6.7 7.8 61.4 2.7 58 28.7 
12.2 13.6 192.5 6.2 124 19.1 
7.6 8.9 79.5 2.6 66 25.3 
10.6 11.9 146.6 4.9 146 29.5 
10 11.3 131.2 4.5 108 24.2 
5.1 6.4 38.4 1.2 52 40.6 
12.4 13.7 197.7 6.9 100 15.2 
9.6 10.9 121.8 4.3 154 37.9 
9.8 11 125.5 4.2 128 30.6 
11.6 12.4 166.8 5.6 145 26.7 
9.6 10.9 121.6 4.3 98 24.2 
12.5 14.1 194.6 6.4 94 14.7 
13.5 14.9 235.4 7.8 226 28.8 
8.5 10.1 97.7 3.2 136 41.4 
9.5 10.4 116.5 3.8 150 38.9 
8 9.1 84.9 2.8 52 18.7 
9.3 10.6 114.8 3.8 86 22.6 
6.9 7.8 62.7 2.1 52 24.4 
12.5 13.9 203.8 6.7 136 20.1 
11.6 12.7 170.9 5.6 132 23.1 
10.5 11.2 132.1 4.4 166 37.6 
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15.4 16.7 297.9 9.9 226 22.8 
11.8 12.9 194.1 6.4 144 22.3 
10.3 11.4 136.5 4.5 184 40.4 
12.5 13.8 202.3 6.7 145 21.4 
6.4 7.8 58.6 1.9 100 51.1 
7.6 8.9 79.1 2.6 61 23.1 
7.5 8.6 74.1 2.4 82 32.8 
3.2 4.1 15.5 0.5 50 96.7 
5.4 6.3 39.2 1.3 80 60.2 
8.9 10 103.6 3.4 78 22.5 
7.5 8.4 73.94 2.4 112 45.4 
12.6 13.4 188.7 6.2 86 13.7 
10.4 11.6 140.9 4.6 95 20.3 
9.3 10.2 110.8 3.6 120 32.6 
10 11.2 130.6 4.3 140 32.2 
10.9 12.1 153.5 5.2 132 25.8 
11.5 12.8 170.7 5.9 144 25.2 
8.5 9.8 98.5 3.9 120 36.4 
7.5 8.7 73.4 2.6 74 30.1 
10.4 11.6 140.9 4.7 154 32.9 
12.6 13.8 201.5 6.2 162 24.1 
13.1 14.2 215.1 7.8 136 18.9 
8.5 10.1 105.2 3.1 128 36.4 
9.2 10.4 111.8 3.1 178 47.9 
13.8 15.1 241.3 8.4 152 18.9 
14.2 15.1 247.1 8.6 184 22.6 
8.6 9.9 99.3 3.3 112 33.2 
10.5 11.2 132.1 4.4 178 40.4 
10.5 11.7 140.9 4.9 150 33.5 
11.1 12.4 159.9 5.3 226 42.8 
12.5 13.1 185.7 6.9 152 24.2 
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13.5 14.9 233.8 7.9 178 22.3 
8.1 9.3 87.1 2.3 95 32.2 
9.6 10.8 120.5 4.1 132 32.8 
17.3 18.1 360.8 12.1 260 21.3 
9.8 10.9 124.6 4.4 116 28 
7.4 8.2 70.4 2.5 136 57.7 
10 10.9 126.9 4.2 204 48.3 
9.8 10.9 124.6 4.1 158 38.1 
13.1 14.6 221.7 7.9 132 17.8 
11.1 12.2 157.2 5.4 140 26.1 
9.2 10.4 111.4 3.1 174 46.3 
11.3 12.4 162.6 5.2 200 36.7 
10 11.2 130.3 4.4 162 37.9 
9.3 11.1 120.7 4.2 152 37.7 
12.8 13.6 201.5 6.2 178 26.8 
9.5 10.3 116.6 3.8 187 48.1 
11.9 12.8 176.6 5.8 187 31.6 
9.5 10.9 123.9 4.2 178 43.8 
7.5 9 79.4 2.5 78 29.1 
12.7 13.9 204.9 6.2 145 21.5 
7.8 9.9 90.6 3.3 152 50.3 
13.4 15.1 234.5 7.8 224 28.3 
17.5 18.4 367.9 12.2 187 15.6 
10.9 12.2 154.4 5.1 170 32.9 
10.2 13.1 157.2 5.2 112 21.6 
10 12.4 145.2 4.8 162 33.2 
14.7 15.8 268.4 8.9 140 15.4 
13.2 14.1 215.4 7.1 94 13.8 
10.6 11.1 136.6 4.5 170 37.6 
8.9 10.4 108.5 3.6 128 35.2 
10.1 11.2 131.2 4.3 74 16.7 
'EM/ properties of e/ectroless nickel coated mica in different polymer matrices 223 
Appendix 
APPENDIX B 
'EM/ properties of e/ectro/ess nickel coated mica in different polymer matrices 224 
Appendix 
' . 
'· .. ;' .· .· ... 
·' .•' . 
Figure A.1. Photographs of mica particles by interferometry technique 
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Figure C.1. SEM micrographs of 50% nickel coated mica at different 
magnifications 
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APPENDIX D 
" ' 15. 
~ 
SIIJIIPlB: 
Size: 
Method: 
PP+40NCM (10Sl 
13.0000 mg 
20"MIN 
DSC File: C: LEGENDS.OOB Operator: BALA 
Run Date: B-Nov-02 OB:38 
1.5,---------------------------------------------~ 
1.0 
0.5 
67.45.1/g 
a· 0.0 
~ 
"-
.. 
• 
• 
"' 
162.24•c 
67.42.1/g 
-o.5 
-1.0 
173.82"C 
-1.5±-~-~~-:r-~----:-:r::---------r::--~~--~~ 
40 80 120 160 200 
Sample: 
Size: 
Method: 
2 
-2 
40 
PP+40NCM (20S) 
9.8000 llg 
20"MIN 
80 
Temperature (-c) General Y4.00 DuPont 2000 
DSC 
124.4!5•c 
) 
53.97.1/g 
120 
Temperature (-c) 
Fila: C: LEGENOS.007 
Operator: BALA 
Run Date: 6-Nav-02 07:13 
\ 
1Bi.B4•c 
52.42.1/g 
~ 
171.51"C 
160 200 
. 
General V4.DD OuPont 2000 
'EM/ properties of e/ectro/ess nickel coated mica in different polymer matrices 228 
'ii 
.... 
~ 
k 
a 
~ 
u. 
.. 
• • :t: 
Sample: 
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u. 
.. 
• • :t: 
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Method: 
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PP+40NCH (40Sl 
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2D~IN 
eo 
BD 
DSC 
~ 
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Operator: BALA 
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Appendix 
121 .ss•c 
' 
) 
48.67.!/g \ 
15B.94•c 
4B.591oi/g 
V m~ 
120 
Temperature (•c) 
DSC 
124/ 5"c 
. ) 
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Temperature (•c) 
160 200 
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Sample: 
Size: 
Method: 
1.5 
1.0 . 
PP+40NCH (BOX) 
16.7000 ma 
20~IN 
'i"i o.s 
' ~ 
• 0 ;;: 
.. 
• 
• 
" 
c; 
' ~ 
• 0 
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... 
.. 
• • 
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Appendix 
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\ 
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~ 
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Sample: PP + 45NCM (40X) 
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Comment: PP WITH 45NCM (40S) 
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fl 
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Figure 0.1. DSC thermograms of PP conducting composites 
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APPENDIX E 
a) Tensile test: 
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Figure E.1. Stress-strain curve of conducting composite 
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APPENDIX F 
a) SEM of PP with 0.4 weight fraction 40% nickel coatedmica 
... :' · ... 
b) SEM of PP with 0.5 weight fraction 40% nickel coated mica 
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c) SEM of PP with 0.6 weight fraction 50% nickel coated mica pressed at 5T 
· .. ' . 
d) SEM of PP with 0.6 weight fraction 50% nickel coated mica pressed at 20T 
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e) SEM of ABS with 0. 6 weight fraction 50% nick~/ coated mic~ ~;e~s~d ;t sf . 
. } 
.-.: 
·' .,,.,_ .. 
f) SEM of ABS with 0.6 weight fraction 50% nickel coated mica pressed at 20T 
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.. : 
g) SEM of ABS with O.B weight fraction 50% nickel coated mic~ pressed ~t ioi 
(fractured and polished) 
h) SEM of PP with 0.6 weight fraction 50% nickel coated mica pressed at 20T 
(fractured and polished) 
Figure F.1. SEM of fractured conducting composites 
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APPENDIX G 
Figure G.1. Photographs of conducting filler and conducting polymer 
composite 
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